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FOREWORD 


A  symposium  on  fluid  amplification  was  held  at  the  Diamond 
Ordnance  Fuze  Liaboratories,  Washington,  D.  C.  on  2,  3,  and  4 
October  1962.  The  Proceedings  of  that  symposium  are  issued  in  two 
volumes.  Volume  I  includes  ail  unclassified  presentations.  Volume 
II  includes  all  classified  presentations,  which  were  given  during  the 
last  half  day  of  the  symposium. 

In  addition  to  providing  the  first  formal  opportunity  for  the  ex¬ 
change  of  information  regarding  fluid  amplification,  an  explicit  ob¬ 
jective  of  the  symposium  was  to  bring  together  the  various  persons 
interested  in  this  new  and  yet  unorganized  field.  The  names  and  ad¬ 
dresses  of  those  who  attended,  except  for  personnel  of  the  Diamond 
Ordnance  Fuze  Laboratories,  are  included  in  Volume  I,  lor  ref¬ 
erence  and  to  encourage  further  exchanges  of  information. 

No  record  was  made  of  the  welcoming  addresses  delivered  by 
Lt.  Col.  R.  W.  McEvoy,  Commanding  Officer,  and  B.  M.  Horton, 
Technical  Director,  Diamond  Ordnance  Fuze  Laboratories,  and 
their  remarks  are  consequently  not  inclv  .ed.  Their  great  interest 
in  the  field  are  perhaps  sufficiently  well  '  nwn  to  make  this  omis¬ 
sion  excusable. 

No  attempt  was  made  to  edit  the  papers  as  presented  at  the 
Diamond  Ordnance  Fuze  Laboratories;  they  were  m'^rely  assembled 
and  printed  in  the  same  order  in  which  they  were  ;  seated  at  the 
symposium. 
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WELCOi-?ING  ADDRESS 


by 

Brig  Gen  John  G.  Slerdt 
Deputy  Chief,  R&D  Directorate 
U.  S.  Army  Materiel  Cocmenfl, 


On  behalf  of  the  Army  Materiel  Coiiimand,  I  am  glad  to  have  this  to 
opportunity  to  welcome  you  to  this  first  sy-ijjosium  on  Fluid  'Ivl 
Amplification.  I  an  pleased  to  be  present  at  this  c><=se!ubly  which  mb] 
represents  goveiviment  agencies  and  private  concerns  from  ■.oast  to  m  , 
coast. 

The  concept  of  fluid  amplification,  that  is,  the  control  of  high  ont 
energy  fluid  streams  by  low  energy  flows,  with  no  moving  mechanical  g  a 
parts,  was  evolved  by  Mr.  Horton  less  than  foiu*  years  ago.  This  go. 
concept  constituted  a  major  technical  breakthrough  in  the  sense  that  he 
it  represented  a  considerable  advai'.cc  In  the  state-of-the-art.  Tnis  he- 
advance  has  removed  many  of  the  limitations  on  conventional  military  out 
and  commercial  pneumatic  systems  and  has  enabled  an  extremely  rapid  re.i 
extension  of  their  capabilities.  The  use  of  low  er..»rgy  flow  to  direct  fl 
and  control  high  energy  streams  permits  the  design  of  pure  pneumatic  ure 
components,  elements,  and  systems,  capable  of  amplification,  feedback,  tic 
memory,  logic  functions,  analogue  computation,  and  digital  computation,  tal 
This,  ill  turn,  makes  It  possible  to  use  pnoirratlc  control  systems,  j1 
amplifiers,  and  computers  wliere  they  coulu  not  be  used  before.  aef 

The  work  done  here  In  your  host  agency,  the  Diamond  Ordnance  Fuze  1  C 
Laboratories,  has  already  shown  the  great  potential  of  this  technology  ^ht 
to  the  development  of  weapon  systems  and  military  hardware.  Tlie  tre 
scientific  staff  at  D.O.F.L.  and  we  at  A.M.C.,  who  have  cogni-^once  and  co 
command  supervision  of  their  work,  are  aware  of  the  tremendous  advantageten 
afforded  by  the  simplicity,  ruggedness.  Inherent  high  reliability,  and  ;li 
virtual  Immunity  to  environment,  even  nuclear  blast  eind  the  attendant  th 
high  radiation  levels,  that  are  characteil  sties  of  the  devices  employing  lev" 
this  new  operating  principle.  These  are  essential  requirements  for  re; 
military  hardware. 

Wien  Mr.  Horton  and  his  associates  first  proved  the  feasibility  •  f 
of  this  new  type  control  system,  wc  recognized  that  his  invention  could  in 
open  the  way  to  rapid  technological  advEmces  in  civilian  applicatioas  a 
ns  vc]l  as  in  stx'lctly  military  items.  The  decision  was  made  at  that  m 
time  tc  rtlease  the  information  to  American  industry  immediately,  od: 
bellevii.<5  thau  this  would  lead  to  far  faster  develojiment  and  greater  aj 


9 


benefitb  to  the  country  as  a  vhoie,  both  from  the  military  and  civilian 
standpoincs,  than  could  be  achieved  by  cloaking  this  major  breakthroiyjh 
In  military  security.  Ibe  diversity  of  representation  here  today  bears 
out  the  wisdom  of  that  decision. 

You  people  have  proven  that  you  are  quick  to  recognize  and  take 
advantage  of  the  potential  of  this  technique  In  your  own  specific 
fields.  The  response  of  Industrial  and  scientific  leaders  to  the 
chaLlenge  of  new  ideas  and  concepts  Is  of  great  Importance  to  those  of 
us  who  are  responsible  for  maintaining  the  competitive  position  of  our 
nation  In  coping  with  those  forces  that  are  a  continuing  threat  to 
our  existence.  Hie  resposiie  tc  tills  challenge  Is  Indicated  by  the 
magnitude  .and  scope  of  your  effort  In  this  new  field  and  in  evidenced 
by  your  presence  here  today.  This  acceptance  of  the  challenge  is 
indicative  of  the  forward  thinking  attitude  that  is  u  mark  of  strength 
in  American  enterprise.  We  are  heartened  and  our  faith  In  the  ability 
of  our  industrial  leaders  to  take  full  advantage  of  the  very  latest 
technolcsical  advances  to  promote  oui*  ecoiiumy  is  reaffirmed  by  the 
wide-scale  recognition  of  the  significance  of  fluid  amplification 
techniques. 

The  Army  Materiel  Command  has  the  responsibility  for  the 
scientific  research  and  development  work  t'nat  Is  the  basis  for  the 
design,  production,  and  procurement  of  Army  weajpons  and  military 
mrterlel.  We,  therefore,  fully  appreciate  the  necessity  for  sound 
scientific  investigation  and  fer  good  comunl cation  between  scientists. 
Such  luveetigatlon  and  communication  is  particularly  Important  In  the 
prosecution  of  fxiudaaental  research  li'.  n  stimulating  new  field  such  as 
that  of  processing  control  signals  In  fluid  systems  having  no  moving 
parts. 

That  is,  of  course,  the  object  of  this  syngxjslum.  We  encourage 
you  to  question,  to  chsilenge,  to  contribute.  In  this  fle.ld  which 
has,  thus  far,  limited  literature  and  limited  exploitation  thei'e  ax-e 
few  experts.  We  all  have  unsolved  technical  problems  and  luiejqplalned 
experimental  phenomena.  Only  by  active  participation  can  you  exchange 
Idees  and  leeu^n  ^at  others  have  done.  Hie  enthusiastic  response  of 
goverrmert  agencies,  universities,  and  private  industries  to  the 
request  for  papers  for  this  syGqposlm,  coiqiled  with  your  Individual 
participation  as  workers  in  this  tremendously  Interesting  and  exciting 
field,  should  guarantee  a  profitable  and  stimulating  meeting  for  all 
of  us. 
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WALL  EFFECT  AfiD  DINAR  IT  EEVICES 


by 


R.  W.  WARREN 
of 

Diamond  Ordnance  Faze  Labcrntories 


In  general,  there  are  two  approaches  to  fluid  amplification.  In 
the  first  approach  the  large  power  jet  is  deflected  by  a  small  control 
stream,  the  amount  of  the  deflection  being  proportional  to  the  mooentum 
of  the  streams.  The  second  method  is  to  use  the  entrainment  character¬ 
istics  of  the  stream  and  bounding  w^lls  to  effect  the  deflection. 

This  is  a  short  Introductioii  to  the  way  the  flows  and  walls  are  used 
to  obtain  a  bistable  amplifier. 

In  Figure  1,  a  submerged  stream  is  seen  issuing  from  a  nozzle 
between  bounding  walls.  The  stream  entrains  flxild  from  the  interaction 
region,  lowerlrig  the  pressure.  The  entrained  fluid  is  replaced  by  a 
counterflow  of  fluid  from  the  ambient  pressijre.  This  is  an  unstable 
situation.  Any  small  perturbation,  turbulence  or  mechanical  misalign¬ 
ment,  will  incline  the  stream  closer  to  one  wall  than  the  other. 

The  stream  entrains  essentially  an  equal  aikiount  of  fluid  on  each 
side.  However,  as  the  area  available  for  counterflcw  is  less  on  one  side 
than  the  other,  the  pressure  is  reduced  on  that  side  creating  a  preasure 
difference  across  the  stream.  The  pressure  difference  Inclines  the 
stream  toward  the  low  pressure  region  still  Itirther  restricting  the  area 
available  for  counterflow.  Thus  a  regenerative  action  is  Instlluted  which 
rapidly  forces  the  stream  to  the  wall,  as  uhown  In  Figure  2.  Here  lo 
ambient  pressure  on  one  side  of  the  stream  and  a  low  pi’esaure  separation 
bubble  on  the  opposite  side  of  the  stream  which  is  denied  fluid  to 
replace  the  entrainment.  The  differential  pressuire  across  the  stream 
curves  the  stream  to  the  wall.  Where  the  stream  contacts  the  wall  the 
majof'ty  of  the  {'low  is  diverted  toward  the  outlet  wit?;  a  resulting  high 
pressure  on  the  wall.  A  small  amount  of  the  flow  is  curved  back  toward 
the  ro7zlc  where  it  circulates  es  a  vortex  to  be  reentralned  by  tlie 
stream. 

Tlic  bistable  amplifier  is  shown  in  Figure  3.  If  flow  Is  introduced 
into  the  separation  bubble  tlirough  th?  right  control,  the  point  of 
attachmant  will  move  downstream  but  main  attached  to  the  wall  until 
the  entrainment  characteristics  of  o+.youm  ot*®  o«^  i?fied.  When  there 
is  sufficient  control  flow  to  satisfy  the  entrainment,  the  stream  will 
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move  to  the  center  of  the  interaction  region,  fcntrainment  will  lower 
the  presRiiTC  on  the  left  side  of  the  stream  and  the  stream  will  attach 
to  the  left  wa].l. 

An  alternative  method  of  switching  the  stream  is  to  remove  fluid 
fi'cxn  the  left  control.  Tnis,  in  combination  with  the  entrainment, 
lowers  the  pressure  nr.  the  left  and  the  stream  attaches  to  the  leH 
•..all.  If  the  control  openings  are  large  enough  to  admit  sufficient  flow 
from  the  atmosphere,  the  unit  can  be  shifted  by  closing  one  control  and 
opening  the  other.  The  stream  moves  to  the  side  of  the  closed  control, 
as  the  closed  control  limits  the  entrainment  on  that  side.  If  the 
outputs  of  the  unit  ai-e  loaded,  the  pres-aixe  In  the  interaction  region 
increa.ses  and  there  i.s  an  outflow  from  both  controls.  In  this  instance, 
if  one  of  the  controls  is  closed  the  stream  attaches  to  the  opposite 
wall.  In  other  words,  the  controls  liave  reversed.  Actually  the  operation 
of  the  unit  is  the  same,  as  the  flov/  out  of  the  open  control  limits  the 
cntrairjscnt  on  that  side  and  the  stream  attaches  to  the  wall  on  the  side 
where  the  entrainment  is  limited. 

There  is  always  a  question  as  to  the  range  of  Reynolds  numbers 
over  which  a  unit  can  bo  operated.  It  was  found  that  a  stream  of 
air  would  attach  to  the  wall  at  a  power  pressure  of  .2"  of  water 
above  atmosphere.  This  is  approxiuiately  .007  P5IG.  A  Reynolds  nui^r 
was  calculated  foi  this  pressure  using  the  wetted  perimeter  of  the  noezle, 
for  L  in  the  formu.  .  for  the  Reynolds  number  R  =  qVL.  A  Reynolds  number 
of  200  was  obtained  by  this  luethod.  The  units  have  also  been  operated 

with  a  Reynolds  number  of  ever  one  million.  The  high  level  of  operation 
occurs  when  the  stream  expands  outside  the  nozzle  sufficiently  to 
attach  to  both  boundary  walls,  as  shown  in  Figure  4.  The  stream  can  still 
be  controlled  by  admitting  a  control  flow  but  the  unit  is  no  longer 
bistable. 

A  flow  ox)dcl  of  the  stream  is  shown  In  the  upper  view  of  Figure  5. 

The  power  stream  is  issuing  from  a  nozzle  into  the  interaction  region. 

There  is  a  central  core  where  the  pressure  is  essentially  unchanged  from 
the  source.  This  region  has  not  felt  the  effects  of  the  entrainment  and 
the  lower  pressure  in  the  Interaction  region.  Theic  is  an  outer  mixing 
zone  where  the  stream  is  entrainir-»  fluid,  and  an  Inner  mixing  zone  which 
contains  fluid  entrained  from  separation  bubble  or  from  the  control. 

Use  middle  view  shows  the  velocity  profiles  of  the  stream  across  the  core 
region  at  a  point  on  the  wall  Just  downstream  of  the  attacliment  point. 

T  ....wer  view  shows  the  static  pressures  along  the  wall  to  which  tte 
stream  is  attached.  Tt  can  be  seer  that  there  is  a  low  pressm‘3  in  the 
separatlot.  bubble  which  rises  to  the  higher  pressure  at  the  stream 
reattachment  point.  Tlie  pressure  goes  still  higher  ns  the  stream  is 
diverted  to  flow  along  the  wall  and  then  the  pressure  decreases  In  the 
boundary  layer  to  essentially  the  exhaust  pressui’e. 

When  a  unit  is  being  loaded,  the  preseijre  in  the  boundary  layer  must 
rise  above  the  pressure  which  exists  just  beyond  the  re.'.ttachment  point 
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before  it  can  affect  i,he  separation  InbfcLe  and  separate  the  stream  from 
the  wall.  (\  picLoridi  view  of  a  loaded  unit  is  shown  in  Figure  o.  The 
stream  was  originally  going  out  the  right  outlet,  'jilien  this  outlet  was 
blocked  the  pressure  rose  in  the  outlet  and  an  increase  in  pressure 
proceeded  dowm  th"'  bounder..'  layer.  The  stream  flow'od  around  the  splitter 
and  out  the  left  outlet.  Tlic  split  :er  is  far  enough  downstream  so  there 
is  no  turbulence  at  tiie  reatta clime nt  point  and  the  pressure  in  the  right 
outlet  does  not  exceed  the  pressure  at  the  reattachment  point  so  Uiat 
the  strnarn  remains  locked  to  the  -ight  wall  while  exhaustli.g  out  the 
left  ou..let.  As  cun  be  seen  from  Figure  6,  a  vortex  is  formed  on  the 
left  side  of  the  stream  in  the  Interaction  region,  which  aids  materially 
in  stabilizing  the  flow.  This  feature  of  the  unit  is  called  nv^mory, 
and  is  a  function  of  the  splitter  position. 

It  is  well  known  that  a  stream  can  become  over-expanded  and  separate 
from  the  wall  of  a  diffuser.  This  characteristic  gives  another  mode  of 
operation  for  a  sufiersonlc  bistable  element.  In  Figure  7,  an  over- 
expanded  stream  is  seen  'whicb  is  separated  from  the  left  boundary  wall 
by  an  oblique  shock-wave.  Tlie  oblique  chock-wave  adjusts  the  flow  between 
the  over-expanded  region  Ir.  the  stream  which  is  between  2  and  5  psia 
(pounds  per  square  Inch  absolute)  and  atmospheric  pressure  on  the  other 
sid»’  of  the  shoek-wave.  Opening  the  right  control  to  atmosphere  or 
otherwise  introducing  flow  Into  the  right  control  will  flip  the  power 
stream  to  the  left  wall. 

There  are  many  parameters  which  can  be  varied  in  a  bistable  f.luld 
element.  Tn  addition  to  the  pressure  and  flow,  pih.vsical  pasruneters  can 
be  varies  also.  The  effect  of  varying  some  of  the  physical  parameters 
Is  shown  on  Figure  8.  On  the  right  is  shewn  tlie  effect  of  moving  the 
splitter  downstream,  increasirig  the  receiver  aperture.  Increasing  the 
wall  angle,  and  increasing  the  nozzle  area.  On  the  left  is  sham  the 
effect  Increasing  the  interaction  region  width  end  increasing  the 
dcp'ih  oi  aspect  ratio.  Tne  effects  of  increasing  the  loading  and  the 
power  jet  pressure  are  also  shown  on  this  figure.  Additional  work  needs 
to  be  done  in  evaluating  the  relationship  of  these  ’.'arlables. 
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Figure  1.  Uuiial  fluid  flow  between  parallel  walls. 
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Figure  2.  Final  fluid  flow  between  parallel  walls. 
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c'igure  3.  Fluid  bistable  clement. 
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Figure  4.  Control  of  completely  filled  bistable  elements. 
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Figure  ‘j.  Flow  model  for  intt  raction  and  profile  adjustment  regions. 
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DYNAMIC  PRESSURE  MAINTAINED 
IN  RIStIT  PASSAGE 


Figure  o 


Memory  (characteristics  of  fluid  bistable  elements. 
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Figure  7.  Schiieren  photog 


ble  reartioii  jet. 


19 


Ali  lUTRODUCTION  TO  PROPORTIONAL  FLUID  COK'TPOL 


SilHS  Katz 
of 

PiamonJ  Orlnance  Fuze  Laburatoriet; 


One  of  the  object! \«  :S,  here  at  DOFL,  Is  to  develop  a  proportional 
fluid  control  oyste::!  witnout  mechanical  moving  parts.  To  accomplish 
this  requires  both  active  and  passive  components  ',/lthojt  mechanical 
moving  parts. 

The  active  component,  which  is  the  basic  biilldJng  block  of  the 
control  system,  is  the  propori-lonal  fluid  amplifier.  This  device 
provides  Ft  1 '\rg>-  fi  old  ov’tp  't  ' '  grcl  that  is  proportional  to  a  smaller 
fluid  Input  signal.  A  basic  ■  h.gle  stage  proportional  amplifier  is 
shown  in  Figure  1.  High  energy  fluin  from  the  power  Jet  is  directed 
into  the  Interactlo.".  region.  Control  or  low  energy  fluid  is  also 
directed  into  this  region  from  Jets  on  each  side  of  the  powei’  Jet. 

The  direeticn  that  the  pe>wer  Jet  assames  after  interaction  with  the 
ontrol  Jets  depends  on  the  momentum  flux  of  the  power  Jet  and  the 
force's  exerted  by  the  control  Jets.  At  some  distance  downstream  the 
jet  is  collectc  :  by  two  output  apertures.  There  is  aii  optimum 
position  for  these  outputs.  Hiey  must  be  far  enough  downstream  to 
take  advantEige  of  the  stream  deflection  and  close  enough  to  recover 
a  reasonable  amount  of  stream  pressure.  Wlien  the  control  pressures 
are  equal,  the  power  stream  is  not  deflected.  T'^en  each  output 
aperture  collects  the  same  quantity  of  fluid.  A  small  change  in  one 
of  th«  control  pressures  deflects  the  power  strean  and  caue.e3  one 
output  to  collect  more  fluid  than  the  other.  Since  the  output 
difference  is  greater  than  the  control  difference  which  caused  it, 
this  is  a  stage  of  amplification. 

The  unosual  shape  of  the  interaction  chamber  shown  in  Figure  1 
was  deliberately  chosen  to  prevent  the  P'ower  stream  from  locking-on 
to  th«  v'alls  and  making  the  amplifier  bistable.  The  shape  and 
dimensions  of  the  cutout  areas  ha->e  a  considerable  influence  on  the 
performance  of  the  amplifier.  Any  fl-uid  that  is  not  nicked  up  by 
the  output  collectoi's  iuust  be  removed  as  efficiently  and  with  as 
litHe  dlstui-bance  as  possible,  ’^en  dlsturbvnces  are  present  they 
may  be  reflected  from  t?  e  walls  of  the  cutout  back  toward  the  power 
stream  to  produce  a  I'eedback  effect.  This  co'ild  result  in  unstable 
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operation,  oscillation,  or  reduced  gain.  In  practice  the  two  cutout 
side  chambers  are  coarieeted  together  to  equalize  the  pressure  acr''ss 
the  power  stream. 

Figure  2  shows  a  Sclilleren  photograph  of  a  power  stream  being 
deflected  by  a  control  streajii.  The  deflecting  force  of  the  control 
streams  may  be  generated  in  two  ways .  The  force  may  be  either  a 
pressure  force  or  a  momentum  flux  force.  Both  force  types  are  present 
In  any  proportional  amplifier.  In  general,  the  low  frequency  input 
impedance  of  an  amplifier  with  predominantly  pressure  tjpe  force  is 
high.  When  the  forces  are  predominantly  momentum  flux  type  the  low 
frequency  input  impedance  is  low.  In  the  particular  geometry  shown 
In  Figure  2,  momentum  flux  forces  predominate.  However,  by  bri.nglng 
the  controls  in  closer  to  the  edges  of  the  power  Jet,  the  pressure 
force  is  Increased  and  the  momentum  flux  force  is  decreased. 

A  more  complex  type  of  fluid  amplifier  is  shovm  in  Figure  3. 
dvo  stages  of  amplification  are  cascaded  with  one  power  supply.  Power 
is  supplied  to  the  first  stage  only.  The  second  stage  obtains  its 
power  by  picking  off  part  of  the  first  stage  flow  at  the  collector 
station.  Tire  outputs  of  the  first  -e  become  the  inputs  to  the 
Hoeond  stage.  Ln  operation  an  ir.pu..  sig.nal  at  the  control  to  the  first 
stage  is  received  amplified  at  the  output  of  the  second  stage.  Ibe 
advantage  of  this  ccnflgiuratlon  is  increased  amplification  without  an 
additional  expenditure  of  supply  fluid. 

Passive  components  do  not  require  a  separate  power  supply.  They 
produce  their  effects  solely  because  of  the  fluid  properties  and  a 
particular  geometry  Some  passive  components  are  shown  in  Figure  4. 

In  dealing  with  passive  components  it  Is  convenient  to  use  the 
electrical  analogy.  Thus,  presfcure  is  analogous  to  voltage  and  flow 
is  analogous  to  current.  Resistance  is  represented  by  an  orifice  or 
porous  plug.  The  magnitude  of  the  resl.r.tance  depends  on  the  vlsco'sity 
of  the  fluid  and  the  diameter  of  the  orifice.  Inertance  is  obtained 
with  a  length  of  tubing.  Its  magnitude  depends  on  the  density  of  the 
fluid,  the  length  of  the  tubing  and  the  cross  sectional  area  of  the 
tubing.  Capacitance  is  obtained  with  n  tank  and  depends  on  the  volume 
of  the  tank.  The  function  of  these  passive  components  is  to  operate 
on  the  signal  waveform  and  produce  some  desired  effect.  For  example, 
a  combination  of  resistance  and  capacitance  gives  an  output  pressure 
which  is  approximately  the  iiitegrol  of  the  input  pressure. 

At  present  the  techniques  described  above  are  being  used  to  b'uild 
a  high  gain  operational  amplifier.  In  order  to  accoEipllsh  this  several 
stages  of  amplification  must  be  cascaded.  The  stages  are  directly 
coiqsled.  That  le,  the  outputs  of  a  stage  are  fed  directly  into  the 
inputs  of  the  succeeding  stage.  Using  this  procedure  amplifiers  have 
been  built  wi+h  measured  pressure  gains  in  the  neighborhood  of  500. 
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Figure  1.  Proportional  amplifier. 


I  *♦  STAGE 


2nd  STAGE 


Figure  3.  Two-stage  open  proportional  amplifier  with  cas¬ 
caded  power  inputs. 
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Fji;urc  1.  Analogies 


FLUID  A'-IFLIFIER  DEMONSTRATION  VEHICLE 


by 

R.  Richard  Palralsono 
or 

Diamond  Ordnance  Fuze  Ijaboratorles 


Abstract 


A  Jet-propelled  vehicle  has  been  built  which  demonstrates  the 
practicality  of  fluid-amplification  for  thrust  vectoring.  An  account 
is  also  given  of  a  S -stage  proportional  fluid  amplifier  wiiich  is 
capable  of  amplifying  control  signals  over  100,000  times.  The 
amplifier  output  is  used  to  steer  tne  vehicle  by  deflecting  the 
propelling  Jet  stream.  Both  prop'ulslon  and  steering  of  the  vehicle 
are  achieved  without  the  use  of  rrochanical  llnkege. 


Requirement^ 

In  order  to  demonstrate  the  practicality  of  fluid  eimplifl cation 
in  guidance  systems  a  suitable  test  vehicle  was  sought.  Although  the 
Initial  detaonst ration  was  intended  to  show  the  feasibility  of  fluid 
ampllfl cation  as  a  means  of  thrust  vectoring,  a  versatile  conveyance 
was  nea'’«''  which  could  be  readily  modified  to  tent  and  demonstrate  a 
variety  of  fluid  amplification  devices  under  development.  Since  the 
available  types  of  rockets  £uid  sui-face  water  craft  were  considered 
lunsuitable,  it  was  decided  that  an  attempt  should  be  made  to  b'.iild  a 
demonstration  vehicle  having  the  following  characteristics; 

(1)  Initially,  it  shouln  be  a  directionally  'unstable  vehicle 
which  could  be  stabi.llzed  by  a  driver  who  operates  the  control  system. 

(2)  I’’  should  be  an  air  powered  vehicle  not  requiring  rocket 

fuel. 

(5)  Ihc  vehicle  should  be  capable  of  giving  a  2-dlmensional 
demonstration  on  land. 

(h)  Tlie  demonstration  should  run  for  a  relatively  long  period 
of  time  and  be  repeatable. 

(s)  The  vehicle  and  control  system  should  allow  for  future 


27 


changes  and  modifications  to  peimit  testing  and  demonstrating  other 
fluid  £m.plilication  devices  and  systems  under  development. 


Demonstration  Vehicle 

The  vehicle  built  to  meet  these  n?quirements  is  shown  in  Figures  1 
and  2.  'iliis  BSO-pcund  vehicle  carries  a  turbo-compressor  powered  by  a 
gas  turbine  engine  wnich  has  a  governed  speed  of  42,200  RPK.  The 
compressor  supplies  air  at  a  constant  pressure  of  about  40  psig  and  at 
a  steady  rate  of  about  122  pounds  per  minute. 

A  28-volt  starting  battery  is  mounted  near  the  front  of  an  aluminum 
A-framc  chassis.  Hie  engine  fuel  is  J?4  and  is  carried  in  a  12-gallon 
tank  which  is  mounted  centrally  on  the  chaosl.s,  next  to  the  battery. 

Tills  fuel  capacity  is  sufficient  for  12  minutes  of  operation.  A  driver's 
seat  was  improvised  on  the  fuel  tank.  The  turbo-compressor  is  mounted 
next  to  the  fuel  tank  toward  the  rear  of  the  vehicle. 

The  front  wheel  of  the  vehicle  rotates  about  a  fixed  axis  and  is 
therefore  nonsteerable.  Since  the  vehicle  is  propelled  by  a.  constant 
thrur-t ,  the  front  wheel  is  equipped  wit’n  a  shoe-ty-'»-  brake  which  provides 
the  o.aiy  means  for  the  driver  to  keep  the  foi’ward  speed  of  the  vehicle 
withic  safe  limits.  This  brake  can  be  applied  by  the  driver  either 
through  jji  air  cylinder  operated  by  a  valve  on  the  dash  panel  or  by  a 
foot-operated  mechanical  linkage  which  overrides  the  air  cylinder.  The 
two  rear  wheels  are  oversized  castors,  free  to  swivel  In  any  direction. 

To  further  Increase  the  instability  of  the  vehicle,  these  rear  \d:eelo 
were  equipped  with  narrow  steel  bands.  Very  sight  imperfections  on  the 
surface  of  the  runway  would  therefore  tend  to  throw  the  vehicle  off  Its 
course  and  require  a  corrective  signal  from  the  driver.  ‘Since  the  CG  of 
the  vehicle  was  fur  to  the  rear,  its  intentioial.  Inherent  instability 
was  further  increased. 

Propulsion  and  steering  are  achieved  without  the  use  of  mechanical 
linkage. 

Figure  2  shows  the  oil  tank  in  the  foreground,  compressed-air  intake 
screen  to  the  left,  and  the  large  exhaust  duct  for  engine  exhaust  gases 
to  the  right.  This  exhaust  contributes  very  little  toward  propelling  the 
vehicle.  Oii  the  far  leiT;,  mounted  on  the  dash  panel  nee  two  presoui'p 
regulators  with  corresponding  pressure  gauges.  It  is  by  means  of  ihese 
regulators  that  the  driver  s^nds  directional  control  signals  to  the 
5-stage  amplifier. 

The  output  of  the  compressor,  i.e.,  the  compressed  air  for  propelling 
the  vehicle,  passes  through  the  3-inch  diameter  stainless  steel  flexible 
tube.  The  major  portion  of  this  flow  of  air  passes  through  a  converging 
nozzle  wiiioh  ha.s  a  throat  opening  l/2  inch  wide  by  2  inches  high .  The 
flow  of  air  issuing  from  this  nozzle  provides  the  thrust  required  to 
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t}i(i  vehiclt:.  A-l-l/4  incA  diai.ctci’  copper  line  shown  In  the 
Toregro  net  supplies  uir  tc  the  w-stage  ainpl.ifler  which  is  mounted  below 
the  thi-jst  .0'  ;:sle.  A  close-up  o"  the  thrust  nozzle  assembly  nay  be 
seen  in  Figure  3. 

llie  thrust-vectoring  system  inclu'^lng  the  relative  flow  rates  is 
:  h  r.Ti  in  Figure  U.  ixow  through  the  thrust  nozzle  is  estimated  at 

abou^  ’5  poio'.u '  per  minute,  pv-ducliig  a  sustained  thrust  of  about 
hi*  pounds.  Ar  prevlourly  Iridicnted,  air  is  supplied  to  the  5-Btage 
proportional  oirpllficr  throu*ih  a  l-l/h  inch  diameter  copper  line.  The 
a:iiplifier  output  is  directed  *  either  side  of  the  thrust  nozzle  output 
by  two  curved  passages  whose  toss  section  Is  s/lG  inch  x  1-1/2  inches. 
Optlmm  position  of  the  reaction  v. u:cs  was  determined  experimentally  in 
field  tests. 

It  should  be  noted  that  the  maxim’um  input  signal  to  the  5-stage 
amplifier  is  only  .OOh.b  poui*dr  air  per  minute.  These  minute  Input 
signals  arc  capable  of  contislling  tie  much  larger  flows  issuing  from 
the  two  tumpllfier  outputs,  'n’.ei.e  amplifier  outputs  are  in  turn  used  to 
deflect  (vect.r)  the  main  Jut  issuing  from  the  thrust  nozzle  which  propels 
the  vehicle. 


Proportional  Amplifier 

A  line  drawing  of  a  2-s*:age  proportional  amplifier  (Figure  0}  sho\*s 
.how  the  outputs  of  the  first  stage  serve  controls  shifting  the 
input  of  the  second  stage.  The  area  of  each  succeeding  nozzle  or 
passage  Is  four  times  the  area  of  the  j)recedlr.g  nozzle.  (This  also 
applies  to  the  output  nozzle.)  Thr  concuvt  ramps  help  overcome 
instability  by  pro'/ldln(j  proper  chamber  feedback. 

The  5-stage  proportional  amplifier  de.slgnrrt  by  B.  M,  Horton  and 
S.  J.  Peperone  and  used  in  steering  the  vehicle  is  shown  in  Figures  6 
a.nd  7-  Tlie  assembled  unit  is  approximately  3  inches  wide  x  2-1/2  inches 
high  X  18  inches  long  end  when  built  of  aluminum  weighs  about  9-l/)* 
pounds.  A  redeslg:*  cf  this  unit  indicates  that  an  equivalent  amplifier 
may  be  built  weighing  only  3-l/'U  poiuids  should  the  need  arise. 

The  exploded  view  of  the-  rmplifler  (Figure  7'  shows  >’ow  air  is 
supplied  to  all  the  power  jet  nozzles  from  one  line,  a  1-l/h  inch 
diaiaeter  copper  tube  shown  at  the  upper  left  ha.cd  corner.  The  nenifold 
pi  r.tc  .supplying  air  to  the  first  three  stages  also  contains  the  control 
signal  Inputs  to  the  first  stage.  The  outp'ots  of  the  first  stage  serve 
as  control  Inputs  for  the  second  stage.  The  outputs  of  the  second  stage 
serve  as  control  inputs  for  the  thii’d  stage,  and  so  on  to  the  final  stage, 
i.e.,  the  outputs  of  one  stage  are  used  to  deflect  the  input  of  the 
succe€.dirg  stage.  The  gaskets  separate  the  flow  in  one  stage  from  the 
other.  The  throats  of  the  first  control  nozzles  are  .001*  inch  wide  x 
.OSO  inch  high.  Ar,  previously  noted,  the  final  output  passages  are 
5/16  inch  wide  x  1-1/2  Inches  high. 
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Demonstration 


Tlie  work  or.  this  first  phase  of  the  project  culminated  in  a 
deuionstiation  f5iven  at  Andrevs  Air  Force  Base  for  nersonnel  of  OCO.  A 
short  IGtmn  film  strip  of  this  demonstration  ja  available,  'fbe  first 
part  of  the  film  shows  a  restrai.ned-type  test  in  which  the  rear  wheels 
were  equipped  with  stops  to  limit  their  swivel  movement  and  the  front 
wheel  was  locked.  This  demonstration  showed  that  a  maximum  control 
signal  of  less  th;in  l/Z  ps'  transmitted  through  the  pressure  regiilators 
to  the  5-stnt;:e  amplifier  was  all  that  was  required  for  a  complete 
reversal  of  the  vehicle's  turning  direction. 

The  second  part  of  the  demonstration  film  shows  the  vehicle  in 
motion.  With  the  rear  wheel  restralners  removed  and  with  control 
signals  •transmitted  to  the  5-stage  amplifier  through  the  two  pressure 
regulators,  the  cart  is  seen  advancing  In  a  straigiit  line  with  the 
operator  controlling  the  vehicle.  This  action  demonstrates  the 
feasibility  of  employing  fluid  amplification  as  a  means  of  stabilizing 
a  directionally  unstable  vehicle  while  in  motion.  As  the  vehicle 
advanced  in  a  straight  line,  the  front  wheel  brake  was  locked  and  the 
vehicle  was  put  throu^jh  a  mmiber  of  turning  manoeuvres. 

The  third  part  of  the  demonstration  shows  manipulation  of  the 
vehicle  when  the  control  pressure  regulators  were  by-passed  by  means 
of  flexible  plastic  tubes.  This  enabled  one  to  transmit  the  signal 
to  the  amplifier  by  placing  his  thumbs  at  the  open  ends  of  the  two 
plastic  tubes  and  vnT*;/ing  the  pressure  l.-i  the  line  by  controlling  the 
amount  of  air  allowed  to  bleed  off.  This  action  gave  one  the  opportunity 
to  actually  feel  the  small  magnitude  of  the  control  signals  transmitted 
to  the  amplifier.  Using  this  "thumbs"  technique,  the  vehicle  was  steered 
In  a  straight  line  and  then  put  th^-ough  a  series  of  turning  manoeuvres 
as  In  Fart  Two  of  the  demonstration. 

Since  the  vehicle  was  propelled  by  a  constant  thnnet  (of  about 
kk  pounds)  from  the  nozzle,  a  safe  forward  speed  of  about  15  mph  was 
mainLuined  by  applying  the  front  vheel  brake.  The  braking  action  on 
the  single  fixed  socle  front  vheel  located  on  the  centerline  of  the 
vehicle  had  no  effect  on  the  steering. 


Conclusions 


Thu  inportent  feature  iii  demonstrating  this  vehicle  was  not  to  show 
that  thrust  vectoring  Is  possible;  this  has  already  been  achieved  in 
missile  flight  through  the  use  of  auxiliary  fluid  sources  and  complex 
electro-mechanical  systems.  The  significant  achievement,  it  is  felt, 
lies  in  the  fact  that  an  extremely  low-level  signal  has  been  amplified 
•••ver  100,000  times  in  a  S-atage  fluid  amplifier  without  the  use  of  a 
single  moving  part  anr  without  the  use  of  an  aiuclliary  power  source. 

Tliis  clearly  indicates  the  direct  usefulness  of  these  techniques  to 
other  hot-gas  propulsion  and  control  systems. 
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Fig-ire  2.  Three-quarter  rear  view  of  fluid  amplifier  demcnsCration  vehicle,  497-62 
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Fijiurc-  3.  Thrust  no.-'zle  nssenibly. 
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Figure  4.  Thrust-vectoring  system  of  jet  demonstration  vehicle 
using  a  5-sUge  proportional  fluid  amplifier. 
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Ftguie  <•.  Five  stage  proportional  fluid  amplifier 
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Figure  7.  Five  stage  amplifier  (exploded  view). 


THE  HYDRAULIC  ANALOGY 


by 

Ralph  G.  Barclay 


of 

Diamond  Ordnance  Fuze  Laboratories 


Introduction 


The  hydraulic  analogy  is  the  analogy  that  exists  between  two- 
dliiienslonal  compresolble-gas  flow  and  open-channel  liquid  flow.  Open- 
channel  liquid  flow  is  flov^  of  a  liquid  with  no  confining  plane  above 
the  liquid.  That  is  to  say  the  surface  of  the  liquid  is  open  to  the 
atmosphere  and  to  all  practical  intents  is  a  free  surface. 

DOr!.  rrugram  in  Hydraulic  Analogy 

DOFL  has  an  internal  effort  and  supports  an  external  effort  at 
The  University  of  Maryland.  In  both  oases  the  emphasis  is  on  using 
the  hydraulic  analogy  to  investigate  various  fluid-amplifier  designs. 

References 


The  feattire  article  in  the  June  1962  is«"e  of  Applied  Mechanics 
Reviews  is,  "The  Hydraulic  Analogy  for  Compressible  Gas  Flo7'  hy 
J.  W.  Hoyt,  It  lists  126  references.  The  article  gives  the  early 
history,  tells  of  the  general  surveys  and  studies  and  mentions 
current  applications  of  the  roialogy. 

Use  of  Analogy  in  Study  of  Fluid  Amplification 

Tlie  main  contribution  of  the  hydraulic  analogy  to  the  study  of 
fluid  amplification  is  in  providing  a  means  of  flow  visualization. 
Canplcx  flows  can  be  observed  with  the  hydraulic  analogy  using  models 
which  sure  very  easily  made  and  very  easily  changed.  In  this  way  the 
effect  of  ’/arious  shapes  can  be  quickly  ascertained  in  a  qualitative 
skimier.  Visualization  is  aided  by  the  fact  that  the  speed  of  flow  in 
liquid  is  approximately  a  thousand  times  slower  than  the  corresponding 
flow  in  the  compressible  gas.  Transient  flow  conditions  can  thus  be 
observed  by  the  naked  eye. 
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Photography 


At  the  (jympcsium  a  color  movie  was  shown  of  various  flow  situations. 
Still  pictures  In  hlack  and  •..•hile  ai-e  inadequate  representations  of  the 
phenomena  showri.  With  this  in  m.1.nd  we  reproduce  here  only  one  of  the 
scenes  from  the  color  movie. 

Discussion  of  Accompanying  Photograph 

Tlie  jiicture  which  accompanies  this  write-up  shows  a  hydraulic  model 
representating  the  injection  of  a  secondary  flow  into  a  primary 
propulsion  nozzle  for  the  purpose  of  changing  the  direction  of  the 
thrust  from  the  primary  nozzle.  The  liquid  in  ’ose  here  is  water  vddch 
is  dyed  heavily  and  illuminated  fi*om  below  with  diffuse  light.  The 
degree  of  shading  of  a  particular  point  in  the  flow  indicates  the 
relative  depth  of  the  water.  The  depth  of  the  water  is  analogous  to 
the  density  of  ths  gas  in  the  corresponding  compressible  gas  flow. 

The  light  area  v.hlch  is  rov^ghly  diamond-shaped  to  the  right  of 
the  picture  is  the  primary  nozzle  with  the  fluid  flow  directed  upward 
on  the  page.  The  light  tone  indicates  that  the  water  in  the  nozzle 
and  downstream  of  the  nozzle  is  relatively  shallow. 

In  the  left  lower  part  of  the  picture  there  is  e.  bistable  fluid 
amplifier.  The  power  jet  for  this  amplifier  is  directed  at  an  amgle  of 
li5°  with  the  binding-edge  of  the  page  against  a  splitter  which  has  a 
rounded  point.  One  output  channel  of  the  fluid  amplifier  is  directed 
straight  aft  or  upward  on  the  page  so  when  fluid  is  directed  thru  this 
output  channeJ  there  is  no  appreciable  side  thrust.  The  other  output 
channel  of  the  fluid  amplifier  Is  directed  into  the  main  nozzle  and  Is 
shown  carrying  the  flow.  A  build-up  of  water-depth  in  the  output  is 
shown  by  the  progressively  darker  tone  of  the  flow  In  the  output 
channel  as  It  approaches  the  primary  nozzle,  and  after  it  has  entered 
the  primary  flow. 

In  the  region  of  the  power  Jet  (lower  left)  there  are  two  areas 
of  approximately  crescent  shape.  These  are  the  control-flow  reservoirs. 
There  are  channels  (not  visible  in  the  picture)  connecting  these 
reservoirs  to  the  interaction  chamber  of  the  fluid  amplifier.  The 
upper  control  reservoir  has  a  daricer  tone  wiilch  shows  the  presence  of 
deeper  water.  This  indicates  that  the  control  signal  le  being  applied 
to  this  reservoir.  The  lower  control  reservoir  shows  the  Ughtei'  tone 
which  is  the  result  of  fluid  being  entrsdned  away  by  the  power  Jet. 

Appraisal  of  the  Analogy 

The  analogy  is  based  on  Inviscld  flow  for  both  gas  and  liquid  with 
only  negligible  vertical  accelerations  allowed  in  the  liquid.  The  ratio 
of  the  specific  heats  for  the  "analog  gas",  as  it  is  called,  is  2. 
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Naturally  these  limitations  affect  the  qufuititative  results  that  can  be 
obtained.  However,  since  the  analog  regimes  arc  so  similar  (flow  of  a 
fluid  In  each  case)  It  seems  possible  to  violate  the  strict  requirements 
of  the  oriaicr  and  Soill  produce  acceptable  correspondence.  We  are  able 
to  produce  th  basic  phenomena  of  fluid  amplification  in  open-channel 
liquid  flow.  Hila  yields  a  valuable  preliminary  evaluation  tool  for 
geometric  investigations  and  idea  generation. 
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RISE  DURATION  MODULATION 


by 


R.  W.  WARREN 


of 

Diamond  Ordnance  Fuze  Laboratories 


Conventional  digital  control  system-i  uppl;/  the  full  correction 
whenever  the  error  signal  is  above  a  minimum  threshold.  If  such  a 
system  were  used  with  reaction  Jets  to  control  a  missile,  there  woxild 
be  considerable  overshoot,  which  would  result  in  the  application  of  the 
control  signal  in  the  opposite  direction.  Thus  the  missile  would 
oscillate  about  the  desired  line  of  travel.  To  overcome  this,  an 
electronic  system  is  in  'iso  wherein  an  oscillator  enusor!  t.h®  rportior 
jets  to  alternately  emit  from  either  side  of  the  missile  at  constant 
fi’oquency.  When  an  error  signal  is  introduced,  the  oscillatirig  Jet 
paUiiCs  for  a  longer  or  shorter  time  on  either  side  to  produce  a 
reaction  which  is  proportional  to  the  desired  correction.  Thus,  if  the 
missile  were  to  deviate  to  the  right,  error  would  cause  the  reaction 
Jet  to  remain  for  a  longer  time  on  the  right  and  a  shorter  time  on  the 
left  to  produce  the  desired  correction.  When  the  error  signal  is  small, 
the  difference  in  time  is  small  and  when  the  error  sigrml  is  large, 
the  full  correction  is  applied.  If  the  frequency  of  oscillation  is 
greatei  Uian  twice  the  natural  frequency  of  the  missile,  the  osemations 
are  smoothed  by  the  response  characteristics  of  the  missile. 

An  uli-fluld  pulse-duration  modulation  s/stem  has  been  developed 
which  accepts  fluid  signals  proportional  to  the  error.  An  outline  of  the 
system  is  shawn  in  Figure  1.  It  consists  of  an  oscillator  di’lvlng  a 
buffer  amplifier  which  drives  the  output  bistable  amplifier.  The 
Ijartlcular  oscillator  used  is  of  an  explicit  feedback  type.  A  small  portion 
of  the  mitniii  dl^'-erted  into  a  capacitor.  As  the  pressure  in  the 
capacitor  increases,  the  flow  in  the  control  Increases.  When  the 
control  flow  reaches  a  sufficient  level,  the  oscillator  switches  to  the 
opposite  output,  A  portion  of  this  output  is  diverted  from  the  opposite 
leg  into  another  capacitor  and  tlie  process  repeats.  The  frequency  of 
oscillation  can  be  varied  by  varying  the  capacitance.  Instead  of  varying 
the  volume  of  the  capacitor,  n  bleed  is  used  to  delay  tl»e  rise  of 
pressure  in  the  capacitor,  thereby  varying  iinti  time  constant. 

Like  electronic  oscillators,  fluid  oscillators  normally  change 
frequency  as  they  are  lop.ded.  To  overccoe  this,  a  technique  similar  to 
that  employeu  with  elecU'onic  oscillators  is  used.  The  oscillator  is 
used  to  drive  a  buffer  amplifier,  and  the  buffer  amplifier  drives  the  load. 
Thus  the  oscillator  only  sees  the  comparatively  constant  load  of  the  buffer 
amplifier.  The  outputs  of  the  buffer  amplifier  are  Introduced  into 
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capacitors,  Thr  capacitors  are  connected  to  the  controls  of  the  bistable 
air.plirier .  As  the  output  from  the  buffer  amplifier  enters  the  capacitor 
thp  prosG’ire  rises  and  the  flew  into  the  control  increases  until  there  is 
sufficient  flcrw  to  satisfy  the  entrainment  characteristics  of  the  bistable 
amplifier  so  that  the  .stream  switches  to  the  opposite  wall. 

All  of  the  output  of  the  bistable  amplifier  issues  out  of  one 
output,  either  the  left  or  the  right,  and  can  be  ’used  ns  a  reaction  jet 
for  purposes  of  control.  If  the  error  of  the  missile  is  sensed  with  a 
gjTO,  an  ail'  jet  from  the  gyro  can  be  divided  between  two  adjacent  orifices 
when  ths  missile  is  on  course,  and  os  it  devlatc.s  from  the  true  course 
the  flow  will  be  more  to  one  orifice  tlian  into  the  oth^r.  This  variation 
can  be  fed  into  the  left  and  right  control  Inputs  of  the  pulse  duration 
modulation  system.  As  shown  in  figure  I,  the  control  inputs  are  connected 
to  the  capacitors  on  the  controls  of  the  bistable  amplifier.  As  the  control 
signal  on  one  side  Increases,  the  control  signal  on  the  other  side  will 
decrease . 

* 

For  purposes  of  explanation  let  us  assume  that  the  control  signal 
oil  the  rigiu.  increases  ana  tne  signal  on  tne  left  decreases.  The 
increased  flow  into  the  right  capacitor  increases  the  control  flow  into 
the  rlglit  control  sooner  and  decreases  it  later  as  the  output  of  the 
oscillating  buffer  amplifier  enters  and  leaves  this  capacitor.  The 
decreased  control  signal  in  the  left  capacitor  delays  the  build-up  of 
pressure  and  takes  a  longer  time  to  provide  the  control  flow  to  switch 
the  pewo”  ctroam  from  the  left  wall.  The  net  result  is,  that  while  the 
unit  is  oscillating  between  the  two  outputs  at  constant  frequency,  the 
cycle  is  not  divided  equally  but  instead  the  output  reaction  jet  pauses 
for  a  longer  time  on  the  left  and  a  shorter  time  on  the  right.  This  is 
shown  by  the  output  charts  at  tne  output  of  the  unit.  Flow  increases  upward 
and  time  Increases  to  the  right  in  each  case.  The  level  of  flow  frexn  a 
pulse  is  constant  at  all  tLives.  The  frequency  is  also  constant  as  is  shown 
by  the  time  dots  .  When  there  is  equal  signal  inlo  the  left  and  right 
oapQOilors  the  duration  of  flow  is  equal  in  each  of  the  outputs.  For  the 
case  cited  with  a  decreaslr»g  signal  In  the  left  control  and  an  increasing 
signal  in  the  right  control.  Figure  1  shows  the  full  output  flow  remaining 
for  a  longer  time  in  the  left  output,  and  pausing  for  a  shorter  time  in  the 
right  output. 

The  experimental  setup  is  shown  in  Flgui’e  2,  with  long  leads  and 
comparatively  large  capacltor.s .  Thl.a  system  was  operated  at  a  frequency 
of  from  30  to  100  cps  when  it  had  capacitors  at  the  control  inputs  of  the 
oatp.it  amplifier.  The  system  gain  (that  is,  the  change  of  output  signal 
with  the  change  of  input  signal)  varied  between  3  and  4.  In  an  operational 
systeir  additional  amplifiers  could  be  used  at  the  output. 

To  increase  the  operating  frequency,  an  experimental  setup  similar 
to  Flg'cre  3  was  used.  In  Figure  3,  the  capacitors  and  the  buffer  a;upllfler 
have  been  deleted  from  the  system.  The  error  signals  are  fed  direcr.iy  into 
the  separation  bubble  of  the  bistable  amplifier.  The  separation  bubble 
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serves  as  the  !.apacltor.  Ac  this  is  a  ooasiclei-uhiy  snallai'  capacitor  than 
was  previously  used,  the  operating  frequency  Increased  to  250  cps,  even 
with  the  long  leads.  Vith  flow  gages  on  the  outputs  as  rhovm  In  Figure  2 
there  was  a  very  smooth  change  of  output  flow  proportional  to  the  error 
signals . 
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A  THREE  STAGE  CIGITAL  Al-lPLTFIEh 


by 

Carl  J.  Caaipagniiolo 
Of 

Diamond  Ordnance  Paze  Laboratories 


Abstract 


Ibis  paper  is  concerned  with  the  field  of  fluid  amplification, 
the  control  of  fluid  streams  by  means  of  othei  fluid  streams  of  less 
energy.  This  paper  describes  digital  pneumatic  elements,  which  are 
cascaded  sc  cc  Ic  cbtnin  a  hlgli  power  output  wnicn  can  be  controlled 
by  means  of  a  stream  containing  10“^  of  the  output  flow— a  system 
consisting  of  three  units  in  a  cascade  is  discussed. 

Introduction 


One  of  the  basic  elements  of  fluid  amplification  is  the  boundary 
layer  digital  unit  which  is  characterized  by  many  parameters.  It  is 
the  purpose  of  this  paper  to  discuss  some  of  these  parameters  in 
connection  with  a  digital  unit  which  is  part  of  a  three-stage  digital 
system  ha^.-lng  a  very  -high  flow  gain  and  a  reasonable  pressure  recovery, 

A  boundary  layer  iinlt  works  on  principles  some  of  which  have  not 
yet  been  completely  explained  by  classical  fluid  dynamics.  The  most 
liuportunt  of  these  arc  waii-jet  Interaction  and  entrainment  of  fluid 
particles  from  the  surroundings^*.  Although  a  boundary-layer  unit  can 
operate  in  all  three  ranges  of  flow;  subsonic,  transonic,  and  supersonic, 
in  this  paper  we  are  mainly  concerned  with  the  subsonic  range  of 
operations . 

When  a  Jet  exhausts  from  a  nozzle,  turbulence  is  generated  at  the 
borders  of  the  Jet.  Due  to  friction  from  shearing  stresses  against  the 
surrounding  flui 1,  the  Jet  undergoes  lateral  diffusion  and  deceleration, 
the  came  time  fluid  particle's  are  entrained  by  the  Jet.^  The 


♦Numerical  superscripts  in  the  text  refer  to  item  numbers  in  the  list 
of  Referances  which  follows  the  text. 
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process  of  the  niixing  of  the  Jet  with  the  surrounding  fluid  causes 
the  velocity  distribution  of  the  Jet  to  change  so  that  at  a  distance 
of  about  6  nozzle  widths  the  velocity  profile  approaches  a  Oausslan 
distribution.  During  the  diffusion  proces.s,  the  kinetic  energy  of  the 
jet  transforais  into  kinetic  energy  of  tiu’bulence,  which  in  turn  is 
converted  into  heat  energy.  In  this  process  the  Jet  is  decelerated 
while  the  suri’ounding  particles  are  accelerated.  Tiiis  results  in  a 
net  increase  la  the  output  flow.  Even  though  the  velocity  of  most  of 
the  Jet  decreases  with  distance  frosu  Llio  nozzle,  there  is  a  zone  called 
me  core  where  the  maxlmua  velocity  Is  constant. ^  This  region  is  very 
evident  in  a  bunsen  burner  where  the  bluish  flame  represents  the  core 
region  of  the  burning  gas.  In  this  region  the  energy  of  the  Jet  is 
the  highest  since  no  mixing  with  the  outside  has  yet  taken  place. 


The  digital  character  cf  the  boundary  layer  unit  is  brought  about 
by  the  existence  of  a  wall  or  fixed  boundary.  The  Jet  emerging  from 
the  power  nozzle  attaches  to  one  of  the  walls  lowering  the  pressure 
between  the  boundary  of  the  nozzle  and  the  point  of  attachment  at  the 
wall  (Coanda  effect).  The  static  pressure  distribution  of  the  attached 

inclination  of  the  wall.  (See  Fig.  1).  The  pressure  varies  from  below 
Tjnblent  up  to  n  maxlmiim,  and  then  drops  slowly  until  at  a  long  distance 
from  the  nozzle  it  approaches  ambient.  (See  Fig.  ?).  The  trajectory 
of  the  Jet  around  the  low  pressure  region  or  bubble  is  approximately 
the  arc  of  a  circle.  The  pressure  within  the  bubble  varies  with 
distance  from  the  Jet  because  particles  are  constantly  being  taken  away 
from  the  main  stream.  This  bubble  plays  a  very  Important  role  in  a 
boundary  lajur  element.  The  pressure  in  the  bubble  must  be  Inci'eased 
oufflclc.ntly  by  flow  from  the  control  nozzle  before  the  Jet  will 
detach  from  the  'wall  and  move  to  the  opposite  chainnel.  This  is  the 
factor  responsible  for  the  digital  characteristics  of  these  elements. 


It  is  well  known  from  classical  aerodynamics  that  the  presence  of 
a  wedge  in  u  stx'eaiu  will  cause  the  Jet  to  oscillate  as  was  first 
observed  by  Lord  Rayleigh.^  Consequently  the  presence  of  the  splitter 
gives  rise  to  resonant  frequencies  with  accoclated  harmonics,  the  cause 
and  magnitude  of  which  have  been  the  subject  of  numerous  investigations. 
This  phenomenon  Increases  the  noise  .level  of  the  unit.  The  csclUatlcns 
are  decreased  by  rounding  the  wedge.  VTaen  this  is  done  a  higher 
pressure  is  obtained  in  the  vicinity  of  the  wedge  'w.hlch  seems  to  reduce 
some  of  the  modes  of  acoxistic  frequency  oscillation  associated  with  a 
Jst-''dge  systf'm. 

A  most  Important  consideration  in  building  these  milts  is  efflclen 
We  mean  that  there  should  be  only  a  small  loss  of  the  total  energy  of  t 
power  J«t.  From  Albertson's  data  for  free  Jets  in  the  atmosphere,  it  J 
evident  that  up  to  a  distance  of  6w  (w  =  nozzle  width)  from  the  Jet 
source  the  total  energy  decreases  rapldJ.y,  and  at  large  distances  of 
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approxlsiatcly  lli-v  or  20w  it  decreases  sccordii^  to  some  ej^onentlal 
lav.  Also  from  the  same  data,  it  is  ev'ldent  that  up  to  6w  the  maximum 
velocity  in  the  direction  of  the  Jet  flow  is  constant  and  then  further 
dovi.stream  it  decreases  exponentially.  From  ouch  Infcrms.tion  one  may 
conclude  that  in  order  to  construct  efficient  units  it  is  necessary  to 
maintain  the  expansion  cha/nbcr  of  the  Jet  as  small  as  possible  and 
also  have  the  divider  no  further  duw.istream  than  6v.  fSlnce  high 
pressure  efriciency  is  req'ulred  at  the  output,  the  stream  can  he 
diffused  very  efficiently  with  n  12°  angle.  Ihe  diffuser  must  he 
kept  short  so  a.s  not  to  obtain  separation  of  the  stream  from  the  wall 
and  also  to  transform  the  voioeity  of  the  stream  to  pressure  in  a 
distance  not  over  Tiw.  Elements  fulfilling  those  conditions  have  been 
built  and  pressure  rccovery  of  about  Instan  leous  gains 

greater  than  15  have  been  achieved  in  the  subsonic  range,  up  to  15  pslg 
input  pressure.  (By  pressure  recovery  is  meant  the  amount  of  loading 
that  the  unit  con  sustain,  measured  in  terms  ^f  the  input  pressure.) 


A  unit  vo.th  the  above  characteristics  is  sensitive  to  rather  small 
signals  applied  at  the  controls.  In  other  words,  it  is  easy  to  change 


r»V>  r%  r 


+  Vila 


energy  expended  in  this  process  is  small.  Actually,  in  some  of  the 
elements  atmosphere  supply  sufficient  flow  and  pressure  to  the 
co.ntrols  to  achieve  bistable  operation.  This  is  possible  because  the 
pressure  in  the  bubble  oi  the  attached  stream  is  only  9  to  12  psla 
and  the  pressure  surrounding  the  unit  is  over  ll;  psla.  Cnnseriuently, 
if  the  control  port  is  open,  flow  will  enter  from  the  atmosphere.  If 
the  flow  is  greater  than  the  stream  con  entrain,  the  pressure  in  the 
bubble  will  increase  luitll  it  becomes  higher  tha.i  the  one  existing  on 
the  opposite  side  of  the  stream  and  the  Jet  will  attach  to  the  lower 


pressure  vail. 


U.afortunately  an  element  of  this  type  works  very  well  only  as  long 
as  no  load  is  present  at  its  output.  If  a  small  load  such  as  another 

increases  and  this  pressure  propngates  upstream  in  the  Jet,  shifting 
the  point  of  attachment  of  the  jet  upstream.  This  shrinks  the 
entrainment  bubble,  and  its  pressure  increases  also,  until  it  becones 
higher  than  that  on  the  opposite  side  of  the  Jet.  The  stream  will  then 
shift  to  the  other  channel  or,  in  some  designs,  will  split  between  the 
two  channels.  Such  effeoLb  are  very  UTideslrable  if  cascading  of  units 
is  necessary  to  obtain  the  required  gain. 


Cascading  of  Units 

In  cascading  vaiits  one  must  consider  the  function  each  amplifier 
performs  In  the  system.  Also  it  is  imperative  that  the  final  operational 
characteristics  of  the  system  be  known.  In  a  high  gain  system,  high 
instantaneous  pressure  efficiency  of  intermediate  units  is  not  so 
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important  as  the  efficiency  of  the  final  bzage.  In  a  three-stage 
fsystem  where  imlts  are  stepped  up  In  flow  capacity  geometrically  by 
a  factor  of  10,  a  flew  gain  of  at  leost  lOOC  is  expected.  In  such 
a  system  if  the  first  two  stages  are  made  very  efficient,  it  is  found 
that  the  system  is  unstable. 

It  is,  thtreforc,  necessary  that  the  p-essure  efficiencies  of 
intermediate  stages  be  sacrificed  and  the  i^^'/lders  of  these  stages 
moved  to  »  y^sltion  further  downstream.  This  "hange  Incretxses  the 
memory  of  the  units.  Aerodjcitualcully,  this  means  that  the  stream  is 
caused  to  attach  at  a  puoition  further  downstrea.Ti .  Then  if  the  static 
press'Ua-e  is  raised  by  loading  the  output,  even  tliough  the  point  oi 
a+i,achment  will  move  upstream  euong  the  wall,  it  can  move  further 
lefore  the  Jet  detaches  from  the  wall.  ITous,  stability  for  a  large 
surge  of  input  pressure  is  still  possible.  With  the  splitter  down¬ 
stream,  the  amplifier  has  a  press‘ui*c  recovery  of  about  30^  and  an 
Instantaneous  gain  less  than  10.  In  using  such  vinits  in  a  system, 
some  efficiency  is  lost  but  .stability  is  gained. 

An  xhis  point,  it  is  necessary  to  say  a  few  more  words  about 
memory  units  since  they  play  a  very  important  role  in  the  system  under 
cunbiderulioo.  Memory  is  obtained  when  the  splitter  is  moved 
suffl ' ’.ently  downstream  to  al.low  the  stream  to  turn  and  exhaust  out 
the  opposite  outlet  without  creating  turbulence  at  the  attachment  point. 
'The  stream  remains  attached  to  the  wall  even  with  the  output  of  the 
amplifier  completely  blocked.  The  flow  will  exiiaust  from  the  opposite 
channel,  but  the  pressure  will  remain  In  the  blocked  channel.  If  we 
reopen  the  blocked  channel,  the  stream  will  exhaust  from  that  channel. 

A  memory  unit  J  s  very  important  in  a  system  since  it  is  usually  used 
as  the  driver  for  the  subsequent  units. 

Positive  feedback  loops  may  b"  present  when  two  'uilts  are  coupled; 
proper  use  of  this  can  Increase  the  flow  gain  of  the  system.  For 
example,  in  the  three  stage  amplifier  the  syste.m  without  feedback 
should  have  had  a  flow  gain  of  1000,  but  the  actual  gain  obtained  was 
greater  than  2000.  The  feedback  loop  arises  from  the  .motion  of 
particles  interacting  with  the  main  stream.  This  entrainment  becccies 
quite  high  as  the  splitter  is  moved  downstream  and  approaches  that 
of  a  free  .let  above  6w.  ITiis  process  can  best  be  explained  if  we 
consider  Figure  3  which  shows  three  units  connected  together.  Tuc 
filled  in  region  is  the  region  of  flow.  In  region  1  the  pressure  ic 
low  since  the  stream  in  the  third  stage  is  continually  entraining 
particxes.  This  low  pressure  will  pi'opagate  down  to  region  2.  At  the 
same  time,  the  stream  in  the  second  stage  will  also  try  to  entrain 
particles  from  the  leg  having  no  output  and  to  reduce  the  pressure 
there  even  further.  If  a  condition  of  equilibrium  exists  between  the 
two  stages  whereby  the  whole  process  cancels  out,  then  stable  operation 
is  irj?intained.  But  if  the  entrainment  req\d.red  by  stage  three  is 
such  that  stege  two  will  be  affected  by  it,  then  the  outcome  of  the 
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process  will  be  such  that  the  stream  in  stage  two  vdll  be  detached 
from  tho  wall  ord  instability  ’./ill  occur,  i.e.,  oscillations  '.•d.J.l  take 
place.  Tiiib  is  also  true  between  stages  rvne  nnd  two. 

Tlie  system  under  consideration  consists  nf  three  units  differing 
one  from  the  other  by  a  facto”  of  10  in  nozzle  area.  The  fir.st, 
second  ml  chird  stages  have  areas  of  .001,  .01.  and  .1  sqxiare  inches 
respectively.  Theoretically,  according  to  geometrical  analysis  alone, 
we  should  have  an  instantaneous  flow  gain  of  1000.  By  experiment  it  is 
found  that  the  lnstant?meous  flow  gain  for  the  subsonic  range  is 
greater  then  2000.  This  is  due  to  the  fact  that  the  feedback  from 
the  third  stage  to  the  second  nelps  to  detach  the  stream  from  the 
w’all.  The  splitters  in  all  units  are  positioned  in  ascending  manner, 
the  first  one  being  16w,  the  second  8w,  and  tlilrd  liw  from  .'•.he  power 
nozzle. 

The  pressure  recovery  of  the  system  as  a  whole  is  about  70^- 
This  means  that  the  system  can  operate  into  a  maxlEium  active  load 
equivalent  to  70^  of  the  system  input  pressure.  Kds  system  operates 
pi'wpcriy  only  in  cUc  rtuige  ^up  to  lo  psigi  and  In  that  range 

can  be  controlled  by  acce.ss  to  the  at.moRph^»re . 

In  the  present  investigation,  all  the  expel  Iments  are  conducted 
on  two  systems.  One  consists  of  three  elements  connected  together 
by  means  of  flexible  hoses,  the  other  •w.as  built  as  a  single  unit  with 
each  digital  element  of  the  unit  erJiaustlng  directly  into  the  controls 
of  the  subc-'X-iont  one.  The  controls  are  holes  In  which  flow  passes 
from  one  stage  to  the  other  by  means  of  a  vortex  motion  (Fig.  U). 

The  vortex  principle  on  the  control  has  been  chosen  as  a  result  of 
experiments  conducted  with  water. 

The  test  set  up  for  the  system  consisting  of  three  elements 
coimected  by  means  of  tubing  Is  shown  in  Fig.  SA.  Pitot  tubes 
buiTouiided  by  static  pressure  tap  holes  (Fig.  5B)  are  placed  along 
each  leg  of  the  system,  these  pitot-static  tubes  help  to  determine  the 
pressure  dJ.strlhutioa  -throughout  the  system.  These  probes  are  also 
Important  in  determining  the  static  pressure  which  Is  created  at  the 
output  of  one  uuit  when  exhausting  into  the  controls  of  another. 

The  knowledge  of  this  static  pressinre  build  up  is  very  ln^jortant 
In  that  It  gives  information  about  the  load  existing  at  that  point. 

Fig.  6  shows  a  curve  of  this  static  pressure  plotted  against  tbe  Input 
pressure;  as  Is  evident  from  this  plot  the  static  pressure  '»  ■•■he 
hlgnest  between  the  second  and  Llilrd  stagea,  which  shows  that  the  area 
of  the  control  nozzle  of  the  third  stage  is  not  large  enough  to 
accommodate  aU  the  flow.  The  static  pressure  Is  least  at  the  output 
of  the  third  stage  since  the  unit  is  exhausting  into  the  atmosphere. 

The  static  pressure  between  the  first  and  second  stages  is  relatively 
high  due  to  the  statli  pressure  build  up  previously  mentioned.  Fig.  7 
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shows  the  total  pressure  in  the  outpj,L  of  each  stage.  [Hie  total 
pressure  the  highest  at  the  third  stage  since  the  very  largo  flow 
momentum  norc  thari  mak<B  up  for  the  low  static  press'ore  in  the  passage. 

It  is  veJi  to  note  thnt  the  total  pressure  between  the  first  and 
second  sta^jes  is  actually  almost  all  static,  since  the  motion  of  the 
fluid  is  very  clow.  Ftg.  a  shows  the  Mach  number  distribution  at  the 
output  of  the  second  and  third  stage.  Fig.  9  shows  a  photograph  of 
the  apparatus  used  to  measure  the  piessiure  distribution  by  means 
of  the  static-pitot  tubes.  Tne  three  units  are  shown  connected  in 
scries  and  a  probe  is  shown  mounted  in  each  leg  of  the  system.  In 
the  experiment,  the  three  units  had  a  common  input  pressure  and  the 
flows  were  measured  by  Brooics  liowmcters  or  rotameters.  Two  flowmeters, 
good  within  2^  over  the  whole  range,  wei'e  connected  in  parallel  to 
accommodate  nil  the  flow. 

!Ihe  system  which  is  discussed  in  the  remaining  part  of  this  paper 
is  represented  in  Pig.  10.  This  is  a  three  stage  amplifier  where  each 
stage  is  connected  by  means  of  a  vortex  cylinder  type  output  to  the 
subsequent  one.  The  whole  sy.stem  has  a  common  input.  A  top  view  of 

varies  from  60^  to  7’Jfi,  The  pressure  recovery  is  measured  with  the 
aid  of  a  gate  valve  placed  at  one  of  the  outputs  of  the  unit.  When 
the  valve  Is  partly  closed  loading  the  output  of  the  third  stage,  some 
of  the  dynamic  pressui'e  oi.  tue  sti'eam  is  transfomed  into  static 
pressure  \diich  is  measured  in  a  tank  with  a  gauge  connected  to  It  as 
shown  in  Fig.  5.  In  Fig.  11  two  curves  of  pressure  recovery  ore 
presented.  When  n ensuring  nressure  recovery,  as  the  valve  was  being 
closed  at  the  output,  the  static  pressure  was  building  up  in  the  upper 
portion  of  the  diffuser  in  the  third  stage.  When  this  pressure  became 
equal  to  that  at  the  entrance  to  the  diffuser,  a  resonant  effect  caused 
oscillations.  When  the  resoneint  condition  was  eliminated,  the  final 
pressure  recovery  of  the  system  was  measured.  The  lower  curve  In 
Fig.  11  represents  the  pressure  recovery  for  loading  Just  short  of 

a  completely  closed  valve  when  the  region  of  oscillation  has  been 
passed.  Pressure  recovery  is  given  as  the  ratio  of  output  to  input 
pressures. 

Output  loading  curres  (flow  vs.  pressure)  are  shown  in  Fig.  12. 

By  means  of  the  curves  of  Figs.  11  and  12,  it  is  possible  to 
compute  the  output  power  of  the  system.  !Ihe  output  flow  is  meaBiu'ed 
by  iDPaus  of  a  flowmeter.  Since  the  flowmeter  is  exhausting 
into  atmosuhere  it  reads  mass  flow  directly.  This  meiss  flow  Js 
transformed  back  to  volumetric  flow  at  the  pressure  existing  In  the 
tank  at  the  output  of  the  system  assuming  an  Isotheivial  process. 
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Then,  using  the  subscripts  (l)  to  denote  condltionb  in  the  tajsk  and  (2) 
to  denote  those  in  the  flowmeter,  the  output  power  (P)  is  given  by 


P  «  pQ 


Pi  Qi  - 


P 


2(ntr.) 


^1  ( abs ) 


Pi  H2  > 
(gauge) 


(1) 


where  pi  is  the  gauge  pressure  of  the  air  in 
pressure  pi  (abs)  appearing  in  the  ratio  is  a 
the  flow  Qp  is  measured  with  I'efei-eiice  to  the 


the  tank  (Fig.  13).  'JJie 
density  corr»;ctlon  since 
atmosphere . 


In  i-elatlon 


(1)  we  have  assumed  ar  isothermal 


process,  hence 


The-  maximum  power  output  has  been  plotted  against  the  Input  pressure 
In  7lg.  14.  It  Is  evident  from  the  graph,  that  the  maximum  power 
output  Is  about  a  horsepower.  By  the  same  method  the  power  input  of 
the  system  was  calculated,  and  the  power  efficiency  as  a  function  of 
input  pressure  Is  plotted  In  Fig.  15.  Ihe  power  efficiency  Is  about 
60)#  over  the  range  considered.  Ihe  losses  are  due  mainly  to  pressiare 
and  flow  degradation  because  some  of  the  flow  goes  out  the  opposite 
channel  vtien  the  system  is  loaded. 

At  tills  point  it  Is  necessary  t.o  introduce  the  term  "switching 
power. "  It  denotes  the  rate  at  which  woric  must  be  done  in  order  to 
detach  the  stream  from  the  wall  and  switch  it  to  the  next  chaiuel. 

In  order  to  measure  the  switching  power  of  a  system,  an  apparatus 
similar  to  the  one  described  at  the  output  is  employed  (see  Fig.  5). 
Hie  flow  is  measured  by  means  of  a  Fisher  and  Porter  flowmeter  whose 
maximum  range  is  .5  SCFM.  A  'mlve  is  provided  after  the  flowmfter 
whsreoy  the  flow  can  be  controlled.  Following  the  valve  Is  a  small 
tank  with  a  combination  gauge  connected  to  it.  3he  pressure  in  the 
tank  is  measured  Initially  when  the  valve  is  closed  and  then  measured 
a  Ti’.miber  of  times  as  the  valve  is  opened  slowly;  in  particular  at 
the  time  \rtien  the  unit  is  at  the  point  of  swltcblng.  Ihe  flow  at 
swltclilng  lb  also  measured.  Hence,  the  Instantaneous  power  to  switch 


is  'icflned  as 


Pi  Qi  =  _ Pi(eau«e)  Qg 


(2) 


This  power  is.  that  which  passes  out  of  the  small  needle  VJilve  at  the 
instant  of  swltchiEg.  In  order  to  calculate  the  real  instantaneous 
switching  power,  it  woul.d  be  '.ecessary  to  know  the  total  pressure  at 
nhe  output  of  the  control  nozzle  at  the  Instant  of  switching.  Ihis 
is  not  possible  at  present.  But  if  it  is  assumed  that  the  losses 
from  the  valve  to  the  nozzle  are  very  smaJ.1  and  t,hat  the  density  of 
the  gas  doesn't  change  very  much,  then  the  switching  power  calculated 
is  close  to  the  correct  one.  In  eq^uatlon  (2),  p,  is  the  gauge  pressure 
at  the  Instant  of  switching,  while  Ap^  appearing  in  the  ratio  is  the 
difference  between  the  pressure  existing  in  the  tank  before  the  valve 
is  open  and  the  pressure  in  the  tank  at  the  Instant  of  flipping.  In 
our  case  the  source  of  power  is  the  atmosphere.  Since  the  pressure 
in  the  taifk  is  bolow  atmospheric,  when  the  valve  is  opened  the  pressure 
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to  switch  the  system.  It  is  axso  possible  to  obtain  switching  power 
into  the  control.s  from  a  supply  line  tlirough  a  regulator. 

SwlLohing  power  as  a  function  of  supply  pressure  is  shown  in 
Flgr. .  I7A  and  I7B  in  different  units.  From  these  curves,  it  is  evlden-*- 
that  little  power  is  needed  to  control  the  whole  system  up  to  15  psig. 

Ilie  switching  power  is  only  a  very  ouiail  fraction  of  a  watt.  If  we 
look  back  now  at  the  i^ov'er  output  (Fig.  Ht),  we  find  that  the 
instantaneous  power  gain  increases  rapidly  and  at  15  psig,  is  about 
9000.  llie  plot  of  power  gain  against  input  pressure  is  shown  in  Fig.  16. 

Now  that  the  power  of  the  system  has  been  discussed,  It  appears 
necessary  to  say  a  few  words  about  the  flow  of  the  system.  'Ihe  whole 
system  has  a  flow  capacity  of  6U  SCFM  at  15  psig  (see  Fig.  20  where 
the  variation  of  flow  with  respect  to  input  pressui’e  is  shown). 

Ihe  flow  gain  of  the  system,  i.e.,  the  output  flow  divided  by  the 
switching  flow,  increases  rapidly  with  press’-ire  (Fig.  18)  until  it 
reaches  maximum  (3000)  at  about  8  psig  and  then  drops  slowly  as  the 
pressure  is  increased  to  15  psig.  Ihe  switching  flow  no mail zed  in 
terms  of  the  output  flow  Is  shown  in  Pig.  19  and  this  shows  that  the 
i-eletlvs  flow  to  switch  the  whole  system  decreases  rapidly  up  to 
about  6  psig  and  then  remains  essentially  constant  up  to  15  psig. 

Flg.oi'e  VU.  shows  one  e^rlmental  set  up  which  may  be  en5)loyed  to 
determine  the  basis  characteristics  of  each  of  t.he  individual  elements. 
Ihe  pressures  at  the  Inpijts  end  outputs  are  measured  by  means  of 
traneducers.  The  inpu+  nud  ...utput  flows  are  measured  directly  by 


flo'-’n:etero  anc.  cJso  computed  from  the  pressure  differences  measured 
across  orifice  plates.  Tlie  signal  outputs  from  the  tr'insdueers  are 
plotted  on  ftn  X-Y  recorder.  By  this  method  plots  are  obtained 
directly  by  changing  the  Input  pressure,  continuously  with  a  motorized 
valve.  Once  the  characteristics  of  the  elements  aie  known,  then  it 
is  a  simple  matter  to  match  them  together  for  given  requirements. 

Figures  22A  aiid  22B  show  another  set  of  apparatus  by  ^diich  the 
pressure  distribution  of  a  jet  Is  measured  with  static  taps  placed 
one  nozzle  width  apart  along  the  wall.  With  this  apparatus,  It  Is 
possible  to  find  the  point  of  attachment  of  the  Jet  and  also  to 
determine  how  It  changes  as  some  of  the  parameters  are  varied.  Ihe 
pressure  distribution  Is  I'ead  by  means  of  manometers. 

Some  Further  Problems 


Although  digital  systems  can  be  built  and  fluid  amplifiers  can  be 
staged  to  obtain  very  iilgh  flow  gains  and  power  gains,  more  research 
in  the  foilo'wlng  areas  Is  necessary  In  order  that  theoretical  analysis 
cvui  be  correlated  with  experimental  results:  xne  measurement  of 
pressure  profiles  before  entrance  Into  a  diffuser;  the  measurements 
of  static  pressure  profiles  oJ.ong  the  boundaries  of  the  amplifier; 
and  the  reduction  of  acoustic  noise  generated  in  Jet-edge  oscillations. 
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ROCi.ET  THRUST  VECTORING 


by 
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of 

Diamond  Ordnance  Fuze  Laboratories 


Abstract 


An  experimental  program  is  being  conducted  at  DOFL  to  investigate 
the  characteristics  of  a  supersonic  fluid  amplifier  discharging  air  at 
high  Mach  numbers  into  the  expansion  cone  of  a  rocket  nozzle  for  thrust 
vectui-  control.  Preliminary  static  firings  of  a  cold  gas  Mach  3.2 
nozzle  with  fluid  amplifier  controls  were  made  during  September  of  this 
year.  Direct  measurements  were  made  of  the  amplifier  input  flow. 
Induced  lateral  thrust,  and  switching  levels. 

Introduc  tlon 


Today  rockets  are  designed  for  maxlmim  propulsive  efficiency,  with 
maximum  payload,  and  to  follow  extremely  accurate  trajectories.  At 
lift  off  and  in  outer  space,  external  aerodynamic  surfaces  are  ineffective 
as  control  elements  and  some  other  means  is  required. 

There  are  five  major  method*  of  controlling  a  rocket'*  trajectory. 
These  consist  of:  Jet  vanes,  Jetevators,  glmbled  or  swiveled  nozzles, 
vernier  ixjokets,  and  secondary  fluid  injection. 

The  first  four  of  these  have  disadvantases  such  as  exposing  moving 
parts  to  high  temperature  exhaust  streams,  requiring  high  actuating 
forces,  and  having  a  relatively  low  frequency  response. 

A  rocket  is  a  thrust  producing  system  which  derives  its  thrust  from 
the  ejection  of  hot  gases  generated  from  material  carried  in  the  system. 

It  has  already  been  previously  shovn  that  a  portion  pt  this  gas  can  be 
bled  froB  the  combustion  chsmber  and  fed  back  into  the  eiqmnslon  cone  of 
the  propulsion  nozzle  for  effective  thniet  v»r«+nn  oon+'nr.i 
present  hot  gas  injection  systems  require  valves  that  are  capable  of 
bleeding  gas  directly  from  the  combustion  ebahber.  These  systems  also 
have  the  disadvantages  of  e;q>ooing  moving  parts  to  a  high  temperature 
high  pressure  stream,  and  in  the  case  of  solid  propellant  motors  the 
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Intermittent  operation  of  valves  can  affect  the  burring  rate  of  the  grain 
and  cause  a  reduction  in  combustion  pressure  and  overall  performance. 

DOHj's  effort  in  this  field  Is  directed  tovards  the  utilization  of 
fluid  amplification  techniques  as  applied  to  a  chamber  bleed  thrust 
vector  control  system.  Ibis  type  of  s;/ptem  has  the  advantage  of  not 
affecting  combxistlon  pressure  and  of  ha’rtLng  higher  response  rates,  low 
actuating  power  requirements,  no  moving  parts,  and  increased  reliability. 
Proportional  control  can  be  attained  ;h  either  a  bistable  \mlt  which 
is  pulse  duration  modulated  or  a  proportional  type  fluid  anqpllfler. 

Object 

Cold  gas  testing  is  presently  underway  on  the  prototype  fluid 
amplifier  which  is  shown  in  Figure  1.  The  unit  was  designed  to  have  the 
following  characteristics: 

(l)  No  moving  mechanical  parts; 

{?.)  Bistable  operation; 

(3)  A  flow  gain  of  500  (Flow  gain  in  this  caise  is  defined  as  the 
prJ.3;ary  nozzle  flow  rate  divided  by  the  control  Jet  flow  rate 
required  to  produce  a  given  lateral  to  axial  thrust  ratio); 

(4)  A  lateral  to  axial  thrust  ratio  of  about  .05  for  a  secondary 
to  primary  flow  ratio  of  .025. 


Test  Set  Up 


The  amplifier  was  designed  with  Interchangeable  purts  In  order 
that  changes  cculd  be  made  without  interrupting  tests.  (Figure  2) 

Ibe  power  Jet  was  designed  to  diverge  in  a  plane  nozval  to  the 
interaction  region.  This  was  done  to  Increase  the  aspect  ratio  of  the 
nozzle,  and  therefore  cut  down  on  the  viscous  effects,  due  to  the  cover 
plates. 

Fi3"r*  3  shows  the  amplifier  sousted  on  the  propulslv/u  liu^sle. 
Ibe  primary  nozzle  was  designed  with  an  ejqpanslon  ratio  of  5.12,  and  a 
primary  flow  rate  of  3.5  Ibs/sec.  Ibe  theoretical  axial  thrust  without 
Injection  was  calculated  to  be  equal  to  22C  lbs. 

A  three  con^nent  thrust  stand  (Figure  4)  was  designed  and  buli'c  at 
DOITi.  Ibis  stand  Is  a  framework  In  which  thrM  load  cells  are  located 
in  a  single  plane  to  detemlne  the  axial  and  lateral  coi^ioDents  of 
'th~uct .  40  uclu  Au  pAMce  uy  AxexuTe  supports,  xnese 

flexures  behave  effectively  as  pinned  Joints,  but  provide  high  coovUance 
in  all  lf«.ter»i  directions.  The  spring  constraints  they  iaqpose  on  the 
system  are  very  small  relative  to  the  forces  being  measured  and  can 
therefore  be  neglected. 
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Tests 


It  l3  to  be  noted  that  the  purpose  of  these  tests  Is  to  develop 
techniques  for  injecting  the  output  of  a  fluid  amplifier  into  the 
supersonic  exhaust  of  a  conical  propulsion  nozzle.  Emphasis  was  placed 
on  the  compiling  of  information  on  the  relative  characteristics  of  each 
test  system.  A  number  of  basic  simplifying  assumptions  were  made. 

The  basic  assumptions  were: 

(l)  Adiabatic  locntroplc  flow  throughout  the  entire  system. 

(2}  Constant  nozzle  discharge  coefficients. 

(3)  A  constant  location  of  the  Induced  center  of  pressure  on 
the  primary  nozzle  wall. 

(4)  At  secondary  to  primary  flow  ratios  less  than  0.05,  the 
effect  of  the  axial  thrust  component  of  the  fluid  amplifier 
was  assumed  equal  to  zero. 


Test  Results 


Figure  5a  is  a  schematic  diagram  of  the  fluid  amplifier  and  nozzle. 
The  general  performance  characteristics  of  this  fluid  amplifier  thrvmt 
vector  control  system  eon  be  summarized  in  Figure  .“ib.  This  is  a  curve 
which  plots  Induced  lateral  thrust  agednst  left  and  right  control  Jet 
flow  rate.  IDie  arrows  indicate  the  order  In  which  the  process  tooK 
place . 

The  best  overall  performance  of  the  system  occurred  with  an  over- 
expanded  power  Jet  Performance  was  determined  on  the  basis  of  maxlmimi 
Induced  lateral  specific  impulse.  lateral  specific  impulse  can  be 
defined  as  ths  induced  lateral  thnist  per  pound  of  total  injected  flow. 

A  comparison  was  made  between  the  Induced  lateral  specific  Inqpulse  and 
the  specific  Impxilse  of  a  hypothetical  nozzle  expanding  under  ideal 
conditions  at  the  aajuc  power  Jet  pressure  and  flow  rate.  The  lateral 
specific  impulse  with  injection  for  this  system  was  found  to  be  about 
1.2o  times  as  great  us  ta  Ideal  hyputhetlcal  nuzzle. 

A  point  by  point  explanation  of  Flgmre  5b  goes  as  follows: 

(a  to  b)  the  total  power  Jet  flow  is  ejected  out  the  rear  of  the 
amplifier.  At  (b)  there  Is  Just  sufficient  flow  to  switch  the  power 
Jet  flow  into  the  primary  nozzle  and  cause  an  abriqst  Increase  in  lateral 
thrr.st  (b  to  c).  The  control  Jet  flow  Is  then  reduced  to  zero  (c  to  c’), 
causing  a  slight  decrease  in  lateral  thrust.  When  a  small  control  flow 
Vc'  to  di  IS  introaucea,  tnere  is  a  sxigni  increase  in  xaceral  uirusi^ 
\dilch  1  linear  with  respect  to  the  increase  In  control  flow.  This  flow 
switches  ths  amplifier  flow  out  of  ths  primary  nozzle,  causing  a  sharp 
decrease  In  lateral  thrust  (d  to  e).  The  control  Jet  flow  Is  reduced  to 
zero,  thvis  ccxnpletlng  the  cycle. 
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Shadowgraphn 


The  chadowgrapho ,  Figures  6  and  "J ,  correspond  to  points  d  and  b 
on  Figure  5b.  The  output  of  the  amplifier  produces  a  shock  wave  by 
appearing  ns  a  discontinuity  to  the  primary  stream.  In  effect  the 
injected  flow  foms  a  wedge  near  the  point  of  injection  nnd  causes  the 
primary  stream  to  separate  from  the  nozzle  wall.  As  the  stream  passes 
through  this  Induced  shock  wave  it  decreases  in  velocity,  increases  in 
pressure,  and  tends  to  turn  in  the  direction  of  the  shock  wave.  IHiis 
build-up  in  pressure  in  the  separation  x-egion,  plus  the  pressure  and 
momentum  of  the  injected  stream,  gives  a  resulting  lateral  thrust 
greater  than  a  similar  injection  nozzle  exhausting  at  the  same  pressure 
aiid  flow  rate,  at  90°  away  from  the  primary  stream. 

Summary 

In  summary,  the  measured  characteristics  of  the  an^pliCler  system 

were : 

(1)  The  most  efficient  vectoring  was  achieved  at  a  power  Jet 
pressure  of  11.5  psln; 

(3)  A  maxinum  lateral  to  axial  thrust  ratio  of  0.014  was 
measured  for  a  secondary  to  primary  flow  ratio  of  0.01. 

(This  correspendi.  to  a  force  amplification  factor  of 
about  1.4.); 

(3)  The  system  had  a  flow  gain  of  about  700; 

(4)  .The  amplifier  had  bistable  operation  at  pressures  up  to 
300  psig. 

It  is  to  oe  emphasized  that  these  resixlts  are  not  indicative  of 
optimum  performance,  but  serve  to  Illustrate  the  feasibility  and 
adaptability  of  fluid  amplification  principles  to  Rocket  Thrust  Vector 
Control . 
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Figure  4.  Thrust  stand  assembly. 
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PRIMA^r  NOZZLC  PLOwiV^,) 


Figure  5a.  Secondary  injection  system. 
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Figure  5b.  Typical  fluid  amplifier  switching  characteristics  model  1-A. 
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A  FLUID-AI-IPLIFIER  ARTIFICIAL  HEART  PUMP 
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ABSl’RACT 


Fluid  ar.pllfioation,  a  reren-*-  Arrny  invention  ceneerned  vlth  the 
contr'l  of  flo'<rlng  fluids  without  .uuving  pnrts,  nas  been  applied  to  the 
powering  and  control  of  an  extracorporeal,  heart  pa’op.  Except  for  an 
artificial  voiarlcle,  two  artificial  heart  valves  and  a  flappe;'  to 
contr  l  auc -iun,  the  fi.iia  amplifier  putp  has  neither  .Toving  control 
parte  nor  electronics.  Tiie  output  Is  pul-satile,  and  its  average  rate 
of  flow  varies  tUrectly  'with  filling  pressure  and  inversely  with  vascular 
and  other  resistances,  to  achieve  flow  regulatio:..  High  .k,llalility, 
long  life  and  low  cost  are  achieved.  Early  evaluation  tests  sugges'*  its 
perfomaance  capabilities  and  herolytic  characteristics  are  at  least 
equal  to  those  of  the  better  available  heart  paiiips. 


The  Problem 


Tile  advent  of  open  heart  surgery  has  presented  to  the  medical 
profession  the  opport'unity  of  rcuairi.ng  damaged  nr  riReased  hearts  that 
other-lse  might  soon  fail  completely.  Many  devious  are  involved  in  this 
type  of  surgery.  One  important  apparatus  is  a  pump  that  can  assume  the 
.heart's  role  while  the  heart  Is  being  renaired.  Exl.?t1ng  numns  nyo 
rainy  complicated  both  in  design  and  la  the  methods  of  control. 

Fii.dd  amplification  offe-rs  the  possibility  of  design  and  control 
simplification  for  pulsatile  types  of  extracorporeal  heart  pumps  euid  a 


(1)  Diamond  Ordnance  Fuze  Laboratories,  Washington  25,  D.  C. 

(2)  Walter  Reed  Army  Institute  of  Research,  Washington  25,  D.  C. 


move  accurate  duollcatlcn  of  the  heart's  physiological  pimping  functions. 
Because  electronics  can  be  eliminated  and  moving  parts  minimized, 
reliability  can  be  measurably  Improved  and  production  costs  con  be 
significantly  reduced.  These  unusual  qualifications  recommended  such  a 
pump  to  the  Army  Medical  Corps  for  field  use. 

Application  of  the  pump  might  be  expscided  to  Include  regional 
perfusion  and  the  support  of  damaged  or  diseased  hearts  which  if  supported 
could  recover. 

Consequently  the  problem  was  to  design  an  extracorporeal  heart  pump 
powered  and  controlled  by  fluid  amplification  principles.  This  paper 
describes  the  development  effort  to  date.  The  pump,  called  the  Army 
/urtificlal  Heart  Pump,  is  being  Jointly  developed  by  the  Walter  Reed  Army 
Institute  of  Research  and  the  DlaiMnd  Ordnance  Fuze  Laboratories. 


Design  Requirements 

The  requirements  for  any  extracorporeal  heart  pump  may  be  broken 
down  into  three  major  categories.  Ihe  pump  must: 


a.  Duplicate  the  heart's  essential  pumping  functions; 

b.  Possess  adequate  reliability  and  life! 

c.  Be  appropriately  packaged. 

Each  of  these  will  be  considered  In  detail. 


a.  Physiological  Requirements 


The  pump  must  obviously  possess  enough  of  the  essential 
functional  pvcq>liig  characteristics  of  the  hianan  heart  to  r/ustsdn  life. 
Furthermore,  Irreversible  blood  damage  can  uot  be  tolerated  either  aurlng 
or  after  the  pumping  run.  From  on  examination  of  the  literature  and 
existing  puiiq>  designs,  it  appears  that  a  single  set  of  functlonsil 

...  «  as..,  .  ..X  ...  1 - -T-  -  4 

X  c  i  WW  XVl  CA  WX  ASX  ^vmwx  vx* 

The  authors  in  developing  the  fluid  asgpUfler  p\nq>  considered  the 
following  hecul  functions  liig)ortant: 


(1)  Output  Pressures  and  Flows 


The  pump  mxut  be  capable  of  adequate  perfusion 
of  the  subject.  Moreover  it  seems  desirable  to  have  a  single  pump 

OCkUXbXJ  MAO  AAOOUO  O  XOACX  VA  V  0.^jr  XCU4^C  VX  X  ^|^«XX  V/X 

age  or  size.  The  pertinent  cardiovascular  pump  parameters  (pressures, 
flows,  age,  size,  pulse  and  activity  level)  for  the  human  male  from 
age  1  through  80  are  sununarlzed  in  Figure  1.  The  ordinate  Is  a  cardiac 
flow  index  relating  mean  blood  flow  rate  to  total  body  surface  area. 

Since  the  parameters  of  Figure  1  are  collated  from  several  medical  texts, 
the  Infozmatlon  lacks  a  high  degi^e  of  statistical  significance.  However, 
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1.  Cardiovascular  characteristics  (the  human  male). 
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It  does  establish  the  general  outp'.jt.  requirements  for  the  ptmp.  For 
operating  room  application,  only  basal  or  resting  conditions  are  of 
concern. 


(E)  Loa J-Matchlng  Capabilities 

Reference  1  suggests  that  the  human  heart  exerts 
j’ost  enough  myocardia"!  (muscle)  force  per  stroke  to  achieve  the  necessary 
blood  flows.  Excess  force  causes  excessive  blood  damage.  An  index  of 
such  trauma  Is  the  increase  In  red  cell  destruction.  This  Index  is 
called  hemolysis.  To  control  hemolysis  and  other  blood  damage  the  pump 
should  be  designed  to  propel  blood  with  minimal  force  application. 

(3)  Pulsatile  Blood  Flows 

Disagreement  exists  among  cardiovascular  experts 
relative  to  the  need  for  pulsatile  blood  flows  for  extracorporeal  pumps. 
The  technically  more  easily  constructed  nonpulsatile  pumps  are  currently 
most  popular  but  both  pulsing  and  steady-flow  pumps  presently  function 
successfully  for  short  periods  -  one  to  two  hours  only.  It  may  be, 
hev'ever,  that  long-ter^  perfusion  renulrea  piilsert  r'nwH.  Reference  1 
suggests  that  resonant  principles  may  operate  in  the  cardiovascular 
system.  If  so,  the  pumping  system  (including  the  cotheter)  m'ist  then 
be  capable  of  duplicatlii*  the  subject ’s  noraal  pulse  to  exploit  the 
elastic  responses  of  the  circulatory  systems. 

(U)  Vasomotor  Considerations 

The  heart  Is  a  relatively  constant  myocardied 
force  pump  because  of  vessel  dlstensibllity  and  the  vasomotor  character¬ 
istics  of  the  cardiovascular  system.  Flow  resistances  are  made  "o  vary 
autonomously  by  the  nervous  and  endocrine  systems  to  suit  the  physical 
and  emotional  needs  of  the  individual.  To  minimize  the  pump  forces 
propelling  the  blood  and  to  allow  the  pump  to  regulate  its  output  in 
response  to  vasomotor  changes  In  flow  resistance,  output  flows  must 
decrease  with  increased  flow  resistance  and  vice  versa.  To  preclude 

p&ckili^  ur  tltor  vwu  SypwcuMi^  wiAC  v/UupUw  a1.wV 

must  also  be  made  to  increase  with  increased  filling  pressures,  as  In 
the  case  of  the  human  heart. 

(5)  Other  Fimctlonal  Requirements 

Filling  of  the  human  heart  ventricle  is  achl.eved 
mainly  by  the  difference  between  atrial  and  ventricular  pressures  during 
tne  period  xne  oiiierence  itt  luaxiuttil.  Howevex',  aerial  uoiibioutiun  yZ.a.jo 
a  small  but  significant  part  in  the  filling  process  (Ref.  2,  p.  2U4)  and 
serves  to  Increase  the  flow  rate  of  the  heart  by  boLh  increasing 
ventricular  distention  and  conq^nsatlng  for  valve  i<e5lstance.  For  these 
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Teas-  ’.1  a;..;  If  canr.iili'f '  rosistii-’.ces  arc  ^igaifioant ,  it.  rrdght  be 
le ’I  raoj-e  "  oaase  the  pirrp  to  aacK  slightly  in  diastole.  Additionally 
I  C  ttie  p'n.':.p  in  to  bo  used  as  aoi  augmentation  device  for  failing  hea.rt 
patleii's,  the  p-.tmp  n.-iould  be  canable  of  synctirorizing  its  p'olses  -.rtth 
‘■ha*  ■''f  the  lias  toll.'  phase  of  t.he  heart.  By  pumping  blood  during 
iasLo..e^  ’i.ln  pea.<  inyocaruiul  J'orces  and  the  worK  of  the  heart  are 

il n I  I ‘  , 

fhe  patip  sliuuld  also  ca-.ise  as  little  blood 
ieunage  as  *'hat  cause!  by  preserr^ly  available  coramercial  pu’r.ps .  Blood 
ia.";age  arises  not  only  fro.m  the  use  of  lameoessarlly  large  ptwip  pressures, 
i-eferred  to  above,  but  also  fron  a  variety  of  other  phe.nomena,  tuch  as 
•  urb '.Hence  a.nd  shear,  tnat  are  Influenced  by  the  siechanicel  design  of 
t  he  p’ump . 


b.  Hollability  and  Life  Cor.si derations 

High  reliability  is  an  ob”ious  necessity.  It  snould  be 
■■.eas'ir'ih'' e  and  predictable  aiid  as  ii.dependent  as  possible  of  ope!rating 
coniitions ,  liie  type  of  personnel  responsible  for  the  p'u.mp,  and  the  kind 
oi  pover  &o'ur>.c  ...sect,  in  tne  event  of  pover  failure,  the  p’jmp  E.hould  be 
designed  to  operate  on  stored  ei.ergy.  me  p'.iT.p  sho'ol'l  rcq'uiro  riinimum 

*  • .  f-  'a  •-  n  -t 

c.  P'tckagirig 

The  follovlrg  design  attributes  vouil  be  generally 
iecirable  for  the  pat.p.  It  sho'uli  be: 

(i)  Sl.tple  *o  operate  and  aaintain 
{?.)  Co.ntrollable  with  respect  to  pulse  shape  and 
rate 

(5)  Fabricated  out  of  transparent  materials  to 
allow  visual  observation  of  perforaa’''ce. 
(impending  ventricle  fall-ures  ca.n  be 
obsocved. ) 

(U)  Sterilizable  preferably  by  autoclave  methods 
(o)  Fu.ctlunal  with  negligible  heat  liberation 
('.)  Fabricated  out  of  materials  compatible 
with  the  blood 
(7)  Easily  traiisportable 

(S)  Seslr.blc  to  preclude  blood  contamination 
a.'.:  air  embolism 
Inexi;en.s1  ve  t.n  mnrmfac1"Ura 
(10)  Operable  with  low  audible  noise  levels 


■^Cannulae  are  small  tubes  Inserted  into  the  body  cavity  through  which 
blond  passes  fro.m  and  to  ihe  pump. 


So 


Existing  Deslprns 


Existing  pumps  and  their  performajace  capabilities  offer  to  the 
designc’'  a  valuable  source  of  experience  and  knowledge.  Their  advantages 
and  disadvantages  are  considered  in  this  section. 

Present  extracorporeal  pumps  may  be  classified  with  respect  to  the 
tipe  of  flows  they  produce,  i.e.,  pulsatile  or  essentieJ.ly  nonpulsatile. 
Nonpulsatile  pumps  are  the  more  uniform  in  design.  They  usually  consist 
'^f  a  plastic  or  rubber  tube  or  sleeve  wrapped  around  or  '^thln  a  non¬ 
flexing  cylinder.  A  roller  driven  by  an  electric  motor  squeezes  the 
tube  as  it  rolls  around  the  cylinder.  Blood  is  forced  ahead  of  the 
roller.  This  tj'pe  of  pump  has  the  following  advantages: 

1.  Valves  are  eliminated 

2.  liinlmal  propelling  pressures  exist 

3.  Control  mechanlsias  ai’e  relatively  simple 

Disadvantages  may  be: 

1.  A  rolnT.lvely  shoT^.  ventriol^  life 

2.  A  lack  of  compactness 

Pulsatile  pimps  are  l^T  uniform  in  design.  Ihey  usually  consist 
of  a  plastic  or  rubber  ventricle  squeezed  by  electric  motors,  pistons, 
electromagnets  or  pressurized  fluids.  Valves  are  required  to  control 
the  blood  flows.  Such  pumps  have  the  following  advantages: 

1.  Compactness 

2.  Long  ventricle  life 

3.  Pulse  duplication  potentialities 

Disadvantages  may  be; 

1.  Excess  propelling  pressures 

2.  Valves  which  are  both  hemolytic  and  short  lived 

y  ...n  •.  j  ..4.  .  .3  .  .,1.  ...4  . 

Exceptions  certainly  exist  for  both  classes*  of  pumps.  Consideration 
of  existing  designs  was  found  valuable  In  the  development  of  the  fluid 
amplifier  pump  particularly  with  respect  to  factors  affecting  hemolysis 
and  ventricle  life. 


Figure  7  shows  B  recent  Army  Artiflcl»l  Heart  Pump  design.  It 
consists  of  a  fluid  amplifier  attached  to  a  housing  containing  a  plastic 
ventilcle  and  two  plastic  tricuspid  semilunar  vulves.  Two  gages  attached 
to  the  housing  measure  the  amplifier  and  power  supply  presnures.  Control 
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•.■f*lvec  to  regulate  systolic  pressures  and  pulse  rate  have  edso  heen 
l;.troduv,cd  as  well  as  a  control  to  adjust  the  duratlo'.  of  the  systolic 
p’clse.  Tfiecc  permit  adjustment  of  the  punp's  output  to  the  individual 
:.eeds  of  the  subject  prior  to  or  at  the  beginning  of  the  pomp  run.  (ff 
the  p’Uf.p  was  i.ntendcd  to  perfuse  only  a  si:;gle  subject  ’.-.ri.th  known 
peripheral  resistances,  the  es.sent.lel  elements  for  satisfactory  operation 
would  be  those  siiown  in  Figure  3.  In  this  case  the  amplifier  would  be 
designed  to  accoiaxodate  the  needs  of  the  subject  and  the  power  supply 
•  It-hout  regulating  valves.] 


a.  Operational  Description 

With  the  aid  of  the  pump  schematic  shown  in  Figure  4, 
operation  may  be  described  as  follows: 


A  fluid  (air)  enters  the  fluid  amplifier  after  passing 
through  a  valve  (the  systolic  a.xpLitude  control-A)  which  regulates  the 
amount  of  air  flowing.  Upon  leav'lng  the  powAi-  nozzle  as  a  high  velocity 
stream,  tlie  flowing  air  begins  to  entrain  additional  air.  Because 
entrairucent  on  either  side  of  the  stream  does  not  occur  at  equal  rates 
due  either  tn  uneo^ lei  spacing  of  boundary  vails  or  perturbations  of  the 
stream  Itself,  the  strea.m  is  forced  to  deflect  toward  the  side  cf  least 
entralr-rert  by  -.Irtue  of  unbalanced  pressures.  Replenislmcnt  of  air  on 
the  side  r  o’w  closer  to  a  boundary  *£111  is  further  impeded  by  this  initial 
deflection  of  the  power  stream  creating  still  lower  ambient  pressures  in 
this  region  and  greater  stream  deflections.  Eventually  the  power  stream 
is  cause!  Lu  "lock  on"  to  the  closer  wail.  The  pump  will  star*  to  pulse 
regardless  of  the  wall  chosen  by  the  stream  to  lock  on  Initially. 


Ix’  the  power  stream  locked  on  to  the  left  wadi  upon 
asimlssicn  to  the  interaction  region,  it  would  subsequently  flow  through 
the  left  receiver  into  the  housing  where  the  increase-  in  air  pressure 
squeezes  the  ve.ntricle,  as  shown  in  the  side  view  in  Figure  4,  until  the 
upper  port  is  uxicovei-ed.  Air  then  flows  through  the  deflection  control 
line  and  by  virtue  of  an  exchange  of  momentum  between  It  and  the  power 
straA-r^  the  power  stream  is  deflected  to  the  right  receiver.  In  this 
prcccSs  \j£  Lhc  veittilole  by  axr  pressure,  a  carciac  systole 

has  been  duplicated. 

After  power  stream  switching  has  occurred,  blood, 
forced,  by  gravity,  begins  to  fill  the  ventricle  and  in  so  doing  clone.'j 
the  -oflection  port.  The  entrairmie.nt  process  begins  with  air  being 
drawn  both  from  the  now  closed  deflection  control  line  and  through  the 
left  receiver  from  around  the  ventricle.  As  long  as  the  ventricle  is 
cApaudiiit,  air  is  suppxueu  in  suiiicieiin  quaiitities  to  satisfy  entrainment, 
and  the  power  stream  xemains  locked  to  the  right  wall,  ViTien  the  ventricle 
has  been  completely  filled,  air  replenishment  is  impeded  on  the  left  side 
of  the-  power  stream.  In  the  opposite  control  Jet  the  pulse  dui’ation 
control  (B)  permits  a  metered  amount  of  air  to  enter  to  prevent  entrainment 
from  dropping  the  pressure  below  a  predetennlned  level.  A  pressure 
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Figure  3.  The  disassembled  pump' 
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Figure  4.  Heart  pump  schematic. 
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difference  builds  up  between  the  control  nozzles.  When  It  becomes 
sufficiently  great,  a  flow  occurs  in  the  right  control  nozzle  great 
enough  to  deflect  the  power  streem  back  to  the  left  receiver.  The  cycle 
is  now  complete. 


The  pulse  rate  control  (C)  in  the  right  receiver 
serves  to  create  an  adjustable  load  for  the  amplifier,  and,  as  a 
consequence,  pulse  rate  can  be  controlled.  The  fixed  bleeder  bypassing 
the  pulse  rate  control  precludes  back  pressures  from  building  up  great 
enough  to  switch  the  power  stream.  Control  is  achieved  over  the  pump's 
systolic  pressures  by  metering  the  amount  of  air  entering  the  ventricle 
chambe'T.  Tne  pulse  duration  contjui,  by  regulating  entrainment  in  the 
right  control  Jet,  allows  the  power  stream  to  remain  locked  in  the  right 
receiver  for  adjustable  periods  of  time  thereby  alT.owlng  the  duration  of 
the  systole  to  be  varied.  The  pvdse  duration  control,  the  fixed  bleeder, 
and  the  pulse  rate  control  are  open  to  atmospheric  pressiu^.  Adjustment 
of  any  individual  control  affects  the  functions  of  the  others  to  some 
degree . 


Output  blood  flows  are  made  to  vary  directly  with 
filling  preabores  by  causing  corresponding  changea  in  the  filled  volume 
of  the  ventricle.  By  limiting  the  i-esldual  volume  of  the  ventricle  in 
systole,  the  desired  effect  is  produced.  This  characteristic  provides 
a  regvJ."  tier,  of  filling  pre'"^vrc£  without  electroni  c  or  other  level 
sensing  devices.  Because  of  energy  conservation,  the  output  flows  vary 
inversely  with  the  flow  resistances  presented  to  the  pump. 

Minimal  propelling  pressures  are  realized  by  having 
the  power  stream  produce  flows  which  vary  directly  with  the  loads 
presented  to  the  pump.  The  fact  that  stroke  volume  and  pulse  rate  eu*e 
controlled  hy  the  power  stream  offers  the  possibility  of  ejqploltlng  with 
a  fair  degree  of  precision  the  elastic  responses  of  the  -vascular  system 
by  duplicating  the  appropriate  stroke  volume  and  pulse  rate  for  any 
partlc'H.ar  load  and  flow  rate.  The  present  pump  can  be  made  to  approxi¬ 
mate  this  for  a  variety  of  human  situations  by  changes  in  ventricle 
stlffne5S . 


Atrial  contraction  during  diastole  can  be  approximated 
by  ha-vlng  the  power  stream  entrain  air  through  the  left  receiver  from 
around  the  ventricle  to  produce  slightly  rregative  pressures.  By  allowing 
the  power  stream  to  suck  air  both  from  around  the  ventricle  and  from  the 
ntniosphere  thi'ovigh  the  s-uctlon  control,  ventricular  sucking  can  be 
regulated  from  near  0  mm  Hg  to  much  greater  values. 

Am  —V  —  -.X  -  .-J 

•  M.  -  vw*  X  w  vx  ^X  UAAC  XD  Ci 

pumpiiig  mode  similar  to  ventricular  fibrillation  can  be  produced.  For 
power  stream  flows  above  cert.ain  energy  levels  (these  levels  can  be 
varied),  the  power  stream  switches  from  receiver  to  recel-ver  rapidly  at 
about  fibrillation  frequencies  because  of  Insufficient  -ventricular 
filling  time.  Blood  flows  fall  to  zero. 
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b.  Reliability  and  Life  Characteristics 

The  fluid  amplifier  pump  design  should  result  in  improved 
reliability  and  longer  life  for  the  following  reasons: 

(1)  Only  four  moving  parts  are  Involved.  There  are 
no  electronic  components  to  fail.  Tbe  passageways  in  the  fluid  amplifier 
are  too  large  to  clog  easily. 

(2)  The  basic  fluid  amplifier  components  can  be 
reproduced  with  consistent  accuracy. 

(3)  f-iaintenance  is  mlnlmed..  Lubrication  is 

unnecessary. 

c .  Packaging 

The  i<ackaging  aspects  of  the  pump  are  excellent.  It 
consists  of  a  mlnlmsa  number  of  basic  parts  exclusive  of  assembly  screws, 
pressure  gages  and  valves.  Apart  from  the  fluid  amplifier,  dimensional 
tolerances  are  large.  Roth  the  housing  and  amplifier  can  be  fabricated 
out  of  clear  sterilizable  plastics.  Molding  techniques  can  be  used  in 
the  prod '.ctlon  o*'  all  pump  elements.  If  required,  the  ventricle  surd 
valves  can  be  thrown  away  after  each  use  because  of  their  low  cost. 

The  present  pump  weighs  10-l/U  pounds  and  has  a  vol-mie  of 
(about)  150  cubic  Inches.  These  can  he  reduced  considerably.  It 
produces  a  muffled  audible  pulsing  noise  when  operating.  Quantity 
production  costs  for  the  complete  pretested  punp  in  its  final  design 
should  he  quite  low  when  conq>ared  with  the  costs  of  available  pumps. 


Performance  Results 


Neither  the  engineering  nor  medical  evaluation  tests  of  the 
pump's  capabilities  have  been  completed.  Hie  pump  appears  to  have  the 
following  performance  characteristics: 

1.  It  can  produce  blood  pressures  from  near  0  to  about 

500  mm  Hg. 

2.  Blood  flows  of  about  l/2  llter/mlnute  to  nine  or  ten 
llters/mlnute  are  possible  depending  on  circuit  flow  reEistan>:fa8  and 
t..^  vtnti'lcle  design  used. 

3.  Pulse  rate  can  be  varied  from  about  30  cpm  to  180  cpm. 
The  upper  limit  depends  on  flow  resistance  and  the  ventricle  design. 

The  hemolysis  rate  appears  to  be  less  than  that  caused  by  two 
commercial  pumps  employed  in  comparison  tests.  The  pronlslng  features 
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of  deslt^n  dlscusned  above  have  proved  ru^eLlotial  and  adequate  duri^ig 
botli  pQ’otlal  ard  total  heart  bypass  proof  test  experiments  with  animals. 

It  has  been  observed  that  autonomous  changes  in  the  peripheral 
reslstanci.  o"  the  animal  cause  the  output  of  tiic  pu.mp  to  change 
accordingly  without  adjustment  of  controls.  Increases  in  peripheral 
resistance  cause  cleoreases  in  the  pump's  pulsing  frequency  and  vice 
versa.  Occluded  veinous  lines  cause  the  pump  to  stop  pulsing. 

Decreases  in  filling  pressure  cause  the  pump  to  slow  its  pulse 
rate  with  a  corresponding  reduction  in  flow  rate. 

Through  adjustment  of  propelling  pressures  and  right  control 
entrainment  (the  pulse  duration  control),  both  the  duration  and 
amnlltude  of  the  pump's  systole  can  be  varied.  Tliese  changes  have  been 
obser'.'ed  in  the  arterial  system  of  an  animfil. 


Problem  Areas 


-Apart  from  design  improvements  intended  for  future  production  models, 
three  design  problems  need  better  solution  in  the  li&D  prototype  described 
herein.  One  problem  concerns  valves.  The  life  of  the  tricuspid  semilunar 
types  produced  for  the  pu^iip  is  relatively  short,  although  their  hemolytic 
characteristics  are  good.  Other  valve  designs  are  being  considered.  The 
second  problem  involves  the  stability  of  the  material  used  in  the 
ventricles.  Apparently  the  leaching  of  plasticizer  from  the  material 
used  causes  the  pulsing  character  of  the  pump  to  change.  Thirdly  a  series 
of  ventricles  need  to  be  designed  to  accenraodate  a  range  of  subjects. 
Unfortiuiately  a  single  ventricle  design  can  not  satisfy  the  range  of 
needs  between  small  animals  and  large  humans. 


Coiiclusion 


A  heart  pump  using  fluid  amplification  principles  has  been  designed 
thal  etui  approximate  many  oi  tne  numen  heart's  pumping  functions.  It 
operates  with  few  moving  parts  and  no  electronics.  Reliability  and  life 
are  consequently  increased  and  production  costs  significantly  decreased. 
Pumping  nnd  hemolytic  characteristics  are  at  least  equal,  to  thooe  of 
available  blood  pumps. 

Of  parti  cular  importance  to  the  Aimy  in  tne  field  are  the  facts  that 
tbp  piump  can  he  transported  by  hand,  it  can  be  completely  disassembled 
aijd  ieasse.msj.ea  in  minutes,  and  except  for  ventricles  and  he^  valves 
all  parts  can  be  autoclaved.  Its  rugged  construction  permits  loleratlon 
of  rex’-gh  handling.  F  'Wer  can  be  pro\d.ded  by  tanks  of  compressed  gas  or 
eventually  perhaps  even  by  exhaust  gases  from  internal,  combustion  engines. 
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SURVEY  ON  COANDA  FLOW* 
by 

Paul  K.  Chang 
of 

Aerophyuics  Co. 

The  Catholic  University  of  America 


SUMMARY 

A  survey  of  31  available  references  of  analyses  and  experiments  was 
made  on  Coanda  flov/  which  clings  to  a  curved  or  deflected  surface  and  in¬ 
creases  mass  rate  of  flow.  This  survey  may  be  useful  to  better  understand 
the  mechanics  of  this  type  of  flow  and  for  its  practical  use  of  fluid  amplifi¬ 
cation. 


Henri  Coanda,  a  Rumanian  engineer,  conducted  an  experiment  of  jet 
flow  using  the  following  sketched  device  equipped  with  a  curved  surface  in 
the  form  of  an  ogive  cap. 


Ambient 

Air 


Fig.  1.  Coanda  Nozzle 

♦  This  work  was  supported  by  O.  N.  R,  Contract  Nonr-2747(00)  with  Aerophysics 
Co.,  VV’ashington,  D. C. 
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Air  flowiiig  through  a  channel  was  led  to  a  slot  and  then  to  the  upper 
curved  surface.  Coanda  observed  the  following  phenomena:  (Reference  1) 

The  air  jet  is  deflected  toward  the  wall  surface  and  jet  flow  clings 
to  the  cap.  The  anibie.nt  air  over  the  agi’.e  cap  is  depressed  and 
lb  eni  rained  to  thr  jet  fluid,  if  the  curved  surface  is  deflected  f  ir- 
ther  at  a  proper  length  to  a  new  direction,  the  same  phenomenon 
occurs  again,  although  less  strongly.  Hence,  by  repeating  the  same 
deflection  process  it  is  possible  to  deflect  the  jet-flow  direction  to 
a  large  angle  and  to  increase  the  mass  rate  of  flow  considerably. 

Coanda  invented  useful  gadgets  exploiting  these  flow  characteristics  but  did 
not  elaborate  to  investigate  scientifically. 

The  jet  fluid  flowing  on  from  me  narrow  slot  has  a  small  thickness  laye>- 
of  fluid.  Due  to  the  liniiti  d  thickness  of  the  fluid  layer  the  centrifugal  force 
plays  a  role  by  pre.ssing  the  jet  flow  toward  the  wall  as  the  fluid  accelerates 
along  the  curved  surface  reducing  pressure.  At  the  same  time  due  to  the  vis¬ 
cosity  of  the  fluid  the  ambient  air  is  entrained  to  the  jet.  Downstream  due  to 
jei  flow  dissipation  tlie  jet  flow  deflects  less  strongly 


The  jet  flow  issuing  from  a  nozzle  can  be  deflected  and  its  mass  rate  of 
flow  will  be  increased  al.so  by  placing  a  single  deflector  or  multiple  deflector 
of  straight  plates  joined  at  one  end  to  the  nozzle  exit.  In  this  case,  jet  flows 
over  an  inclined  straight  wall  and  remains  attached  up  li/  a  point  of  detachment 
wtierc  jet  flow  leaves  the  surface.  This  detachment  point  is  located  where  the 
loc^l  surface  pressure  approaches  the  ambient  pressure.  These  facts  were 
observed  by  Von  Glahn  (Reference  I,  3)  who  investigated  them  scientifically. 

At  the  upstream  of  the  detachment  point,  the  surface  pressure  is  lower  than 
the  ambient  pru.ssure,  thus  flow  attaches  upstream  of  the  detachment  point  but 
downstream  of  the  fietachment  point  flow  detaches  from  the  surface  because  of 
hignir  pressure  than  that  of  ambient  air.  When  the  jet  flow  turns  a  sharp  curve 
at  r'.ir  Icadiiij,  of  a  ilvTlci-lcu  ploie,  liic  veiociiy  of  fiaid  increases  and  con¬ 

sequently  pressure  decreases  cau.3ing  a  suction  effect.  Therefore  due  to  this 
suction,  the  surrounding  air  is  rushed  to  the  jet  and  because  of  viscosity  entrain¬ 
ment  occurs.  Put  pressure  rises  reaching  the  ambient  air  pressure  at  a  certain 
distance  from  the  leading  edge  and  pressure  increases  further  as  the  fluid  ap¬ 
proaches  the  trading  edge.  (Reference  Z) 

The  above  menf  rv.ay  Ko  .-oHon  CcOnda  offcct.  Ilcr.CC,  ti'.v. 

"Coanda  flow"  can  be  defined  as  a  jet  flow  which  clings  to  a  curved  or  deflected 
surface  and  increases  the  mass  rate  of  flow  along  the  flow  path.  A  nozzle, 
where  Coanda  effect  is  applied  to  gain  the  large  mass  rate  of  flow  is  called  a 
"Coanda  noz./.le.  '■ 
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Tlie  ontrainment  of  ambient  air  to  the  jet  or  absorption  of  external  fluid 
to  the  jet  is  similar  to  the  effect  on  aerodynamic  sink.  (Reference  4) ,  Hence, 
the  phenomenon  of  Coanda  flow  is  that  of  an  essentially  wall  jet  involving  sink 
effect.  If  Coanda  flow  is  well  understood  and  applied  for  practical  use,  a  sig¬ 
nificant  contribution  to  the  development  of  fluid  amplication  can  be  made  be¬ 
cause  wall  jet  is  widely  used  for  this  purpose. 

A  survey  of  up-to-date  available  and  pertinent  references  on  Coanda  flow 
and  re’ated  subjects  is  briefly  Tiade  here. 

In  order  to  conijuite  performance  of  Coanda  nozzle  thrust  of  jet  flow  must 
be  known.  Since  thrust  is  connected  with  dissipation  of  jet  flow  the  following 
information  may  be  useful. 

On  turbulent  dissipation  of  jet  flow,  Caille  (Reference  5)  found  that  when  a 
jet  flows  over  the  carved  wall  then,  because  of  intensified  secondary  flow  mixing, 
the  dissipation  rate  was  increased  several  times. 

On  turbulent  jet  flow  through  a  nozzle  Sigalla  (Reference  b)  observed  that 
jet  core  begins  to  dissipate  at  a  distance  of  about  eight  to  ten  times  the  test  noz¬ 
zle  height  downstream  from  the  nozzle.  Because  of  this  dissipation  the  perform¬ 
ance  may  be  well  defined  based  upon  undeflected  jet  flow  at  or  immediately  near 
the  exit  nozzle. 


By  defining  the  performance  of  the  Coanda  nozzle  as  a  ratio  of  lift  to  unde¬ 
flected  thrust,  Fx,,  or  as  the  ratio  of  axial  undeflected  thrust,  Fj.,  and  express¬ 
ing  It  in  the  following  simple  equations,  a  good  agreement  among  the  experimenta 
and  theoretical  values  was  obtained  as  shown  in  Fig.  2. 

The  equations  of  the  performance  are. 


Fl  -  sin  Q 

and  Fz  -  1  -  sin  0  •  tano 


[  1  ]  (Reference  2) 


where  0  is  the  angle  of  the  deflected  plate. 

These  equations  are  derived  from  the  momentum  equation  of  jet  flow  under 
the  following  assumptions:  (Reference  7} 

Tile  wnoie  primary  jet  expands  to  ambient  pressure  before  intercepting 
the  plate,  which  is  two-dimensional,  and  only  the  surface  affecting  the 
flow.  Counteracting  moment  as  well  as  ejector  secondary  flows  are 
negligible. 
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(a)  Nozzle  height,  (b)  Nozzle  height,  (e)  Nozzle  hi  lgl»t, 

o.s  Inch.  1.1  Inches.  2.0  inches. 


FJg'jre  2  Typical  rerfornance  of  Coa>vla  nozzles  as  function  of  deflection-plnte  angle. 
Nominal  pressure  ratio,  2.1. 


(Kef.  2) 
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i.  Analysis  ot  Incompressible  Coanda  Flow 


'T''ic  analyses  comprises  inviscid  and  viscous  solutions. 

a.  Iiu'iscid  flow  solution 

Coanda  flow  was  first  analyzed  by  Metral  (Reference  8).  By  using  a  tech¬ 
nique  of  conformal  mapping,  Metral  was  successful  in  .showing  that  the  air  jet 
flow  along  a  single  sharp-edged  bend  increases  the  mass  flow  rate.  This  result 
was  verified  by  an  experiment  on  automobile  and  motorcycle  engines  equipped 
with  Coanda  nozzles. 

Voedisch's  analysis  (Reference  9)  verified  Coanda's  findings  *■  the  in¬ 
creased  mass  rate  of  flow  issued  from  a  nozzle  and  flowed  along  an  inclined  wall. 
Furthermore,  Voedisch  showed  that  the  stationary  ambient  air  is  entrained  along 
the  primary  J?t. 

Stratford  (Reference  4).  by  analyzing  the  jet  flap,  found  that  direction  of 
ambient  air  velocity  is  perpendicular  to  the  jet  boundary. 

Lighthill  (Reference  10)  studied  the  clinging  characteristics  of  an  incompres¬ 
sible  flow  on  a  smoothly  curved  surface  and  applied  his  theory  to  the  b"*''’.'?  ot  a 
wind  tunnel.  Yen  (Reference  11)  applied  the  concept  of  free  streamline  and  the 
Schwar z-Christoffel  technique  to  the  Coanda  flow  and  extended  Metral 's  work. 

Yen  found  that  his  analysis  led  to  Metral's  formulation  when  the  smooth  curve  is 
reduced  to  a  sharp  corner  and  the  Coanda  effect  is  increased  if  the  sharpness  of 
the  corner  is  increased. 

These  results  of  analyses  with  ideal  fluid  arc  not  exact,  and  often  are  of 
little  practical  use,  smee  the  real  flow  differs  from  the  ideal  flow  because  of  the 
viscosity  of  a  fluid.  Based  upon  the  nonviscous  flow  solution,  the  viscous  phenom¬ 
enon  such  as  jet  flow  detachment  from  the  surface  or  reattachment  to  the  surface 
can  not  be  predicted. 

b.  Viscous  Coanda  flow 

One  of  the  essential  features  of  Coanda  flow  is  the  ability  of  a  narrow  jet 
to  attach  to  the  surface,  therefore  the  length  of  attachment  or  location  of  incep¬ 
tion  of  detachment  is  an  important  problem  to  be  investigated.  The  similar 
phenomenon  to  this  is  separation  of  flow  with  thick  fluid  layer.  Thic  problem 
has  been  studied  much  more  extensively  compared  to  the  detachment  of  jet  flow. 
Hence,  a  comparative  study  of  these  two  phenomena,  detachment  and  separation, 
may  serve  in  the  investigation  of  Coanda  flow.  In  the  following  pages  some  of 
the  differences  of  these  flows  are  shown  and  in  order  to  distinguish  them,  the 
terminology  "detachment"  is  referred  to  as  a  narrow  jet  flow  leaving  the  surface 
and  "separation"  to  ordinary  wide  layer  flow  departing  from  the  wall.  Since 
separation  is  characterized  by  its  velocity  profile,  the  velocity  distribution  of 
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jet  flow  is  studied  first.  The  two-dimensional  jet  velocity  distributions  have 
been  solved  by  Glauert  (Reference  12)  and  Gbrtler  (Reference  13). 


Claucrt  was  successful  in  obtain¬ 
ing  solution  for  laminar  and  tur¬ 
bulent  radial  and  plane  wall  jets. 

As  shown  in  Fig.  3,  the  mean 
velocity  profile  of  turbulent  wall 
jet  consists  of  an  inner  boundary 
layer  (  y<ym  )  outer  half  jet. 


(Reference  19) 

Fig.  3.  Two-dimensional  Turbulent 
Wall  Jet 

flow  for  which  eddy  viscosity  is  assumed  to 


The  approximate  solution  is  given 
by  a  matching  procedure  of  boundary 
layer  flow  for  which  the  eddy  vis¬ 
cosity  varies  with  y  to  the  outer 
i  constant. 


The  inner  profile  given  nutnericallv  by  Gdrtler  (Reference  13)  is  shown 
in  Fig.  4. 


Fig.  4.  Boundary  Layer  Mean 

Velocity  Profile  of  Tur¬ 
bulent  Wail  Jet 
(Reference  19) 


The  outer  profile  which  is  similar  to  the  free  jet  is  given  by 


This  velocity  profile  of  wall  jet  is  different  from  the  ordinary  wide  layer 
flow  v.ith  its  boundary  layer  velocity  profile  approximated  by 

on  the  body  surface  submerged  fully  in  the  fluid.  Thus,  it  C2m  be  seen  that  char¬ 
acteristics  of  separation  and  detachment  would  be  different.  For  example,  the 
position  of  turbulent  flow  separation  on  a  sphere  is  at  110  degrees  measured 
from  the  stagnation  point  but  the  turbulent  jet  detaches  further  downstream  at 
135  degrees  (Reference  14).  The  flow  behaviors  downstream  of  separation  or 
detachment  are  different  too.  Using  a  paper  flag  attached  to  the  surface  in  the 
region  of  the  separation  bubble,  Bourque  (Reference  15)  observed  that  reverse 
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flow  occurred  in  the  separation  bubble  since,  because  of  reverse  flow,  the  paper 
llag  turned  from  the  original  position  to  an  opposite  direction.  On  the  other  hand 
Gates  (Reference  16)  observed  that  there  is  no  reverse  flow  in  the  detachment 
region  of  Cuanda  flow. 

For  jet  flow  it  is  known  that  the  detachment  point  of  jet  flow  is  located  at  a 
position  farther  downstream  as  the  deflection  increases.  This  characteristic  is 
shown  by  experiments  of  Von  Glahn  and  at  the  Catholic  University  of  America 
(Reference  17), 

Von  Glahn  found  further  that  the  jet  detachment  point  is  not  affected  by  the 
downstream  conditions  and  is  dependent  only  upon  the  upstream  condition.  How¬ 
ever,  the  point  of  Jet  detachment  of  the  Coanda  flow  is  independent  of  nozzle 
height  parameter  if  (p  -  pjj)/Pj  is  plotted  verus  I'/h*',  where  p  is  the  local  sur¬ 
face  pressure,  p^  is  the  atmospheric  pressure,  Pj  the  total  jet  pressure  (gage), 
1'  is  the  surface  distance  measured  from  the  nozzle  exit  to  a  point  on  the 
tion  plate,  h  is  the  nozzle  height,  and  n  =  -  a0-|-  b(a  and  b  are  coefficients 
determined  for  each  normal  pressure  ratio  pn/po.  v/hsre  pn  is  the  total  jet  pres¬ 
sure  (abb;  and  0  is  the  plate  deflection  angle)  (Reference  3).  For  flow  separation, 
it  is  known  that  ♦>"  point  of  laminar  separation  is  a  geometrically  fixed  position 
and  is  independent  of  Reynolds  numbers  in  the  region  of  laminar  flow  (Reference 
18),  But  a  test  for  a  jet  tlowing  around  a  small  b/a,  (1>  is  width  of  the  slot  and 
a  is  radius  ot  circular  cylinder),  b  in,  diameter  cylinder  shows  that  the  detach¬ 
ment  angle  measured  from  the  jet  exit  is_^linearly  dependent  to  Reynolds  number 
defined  by  Re^-yl  *  ^  (P  -  p  )  b  a/f  •/  ,  up  to  4  x  10^,  but  in  regions  of 

the  Reynolds  numbers-larger  than  4  x  lO’;  the  detachment  angle  remains  independ¬ 
ent  of  Re^y^,  P  *  p  is  the  supply  pressure  relative  to  that  of  the  surroundings, 

5  is  the  density  of  the  fluid  and  is  the  kinematic  viscosity  of  the  fluid.  The 
parameter  b/a  is  relatively  unimportant  because  the  experiment  shows  that  with 
three  different  values  of  b/a,  equal  to  0,0067,  0.020  and  0,040,  the  scatters 
among  the  measured  values  of  the  detachment  angles  with  respect  to  Reynolds 
numbers  are  small  (Reference  19). 

If  discrepancies  between  the  viscous  phenomena  of  narrow  thickness  jet 
flow  and  thick  layer  non  jet  flow  are  clarified  then  knowleage  gained  from  bound¬ 
ary  layer  theories  and  experiments  on  non  jet  flow  may  be  used  for  Coanda  flow 
and  a  faster  development  of  Coanda  flow  theory  could  be  obtained. 


11.  Analysis  of  Viscous  Incompressible  Coanda  Flow 

Now  on  the  analysis  concerning  viscous  Coanda  flow  several  references  are 

cited. 


Yen  (Reference  11)  pointed  out  the  analysis  of  viscous  Coanda  flow  is  too 
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diiiicult  to  bo  solved.  However,  for  two  particular  cases:  Jet  flow  around  a 
cylinder  and  two  dimensional  jet  to  an  inclined  flat  plate,  simple  analysis  in¬ 
cluding  VISCOUS  effecta  as  well  as  experimental  measurements  were  made. 
(Reference  19).  in  jet  flow  around  a  cylinder,  in  the  region  of  Re  .>  4  x  10^,. 

Newman  (Reference  19)  used  the  following  assumptions  for  his  sirrhlo  analysis. 

1.  The  effect  of  skin  friction  on  the  jet  momentum  is  small  and 
negligible. 

1.  The  radical  velocity  is  very  small  compared  to  the  circum¬ 
ferential  velocity  (boundary-layer  appro.xiination). 

3.  The  velocity  profiles  u/um  against  y/y,jj/2  are  the  same  for 
all  angles  0  measured  from  the  exist  slot  of  the  jet,  where  u 
is  circumferential  velocity,  u^ri  is  maximum  value  of  u  at  a 
given  station,  y  is  distance  measured  perpendicular  from  the 
wall  and  ym/2  is  larger  value  of  y  for  which  u  =  1/2  Um*  Thus 
velocity  prot'le  may  be  replarefi  by  a  uniform  velocity  profile 
of  tile  same  mass  flow  and  the  same  momentum. 

Newman  (Reference  19)  then  computed  surface  pressure  and  the  static 
pressure  across  the  flow  at  0  =  90®. 

Tne  comparison  of  ana!y;i..c.l  lesults  with  experimental  data  shows  that 
although  the  theory  correctly  predicts  an  adverse  piessure  gradient  at  the  su’"- 
face,  the  measured  pressure  is  about  30  per  cent  low  and  the  calculated  pres¬ 
sure  IS  too  small  near  the  surface  but  it  becomes  loo  large  further  o'lt  at  0  *  90°. 

In  a  two-dimensional  incompressible  jet  flow  to  an  inclined  flat  plate, 
Bourque  (Reference  15  and  20)  has  developed  several  theories  by  using  the  prin¬ 
ciple  of  momentum  and  making  allowance  for  the  velocity  distribution  in  the  jet 
and  its  rate  of  spread.  His  theory  is  one  of  the  simplest  and  gives  the  best  re¬ 
sults  for  valuos  of  free  jet  parameter  ^  at  angle  X  ,  between  the  inclined 
plate  and  the  axis  of  the  slot,  larger  than  20°.  For  the  analysis  t'-oerviue  used 
a  flow  model  of  the  reattaching  jet  on  the  flat  plate  and  made  the  following  as¬ 
sumptions  to  obtain  the  solutions; 

1,  The  jet  entrains  fluid  from  the  separation  bubble  in  the  same  way 
as  a  fully  developecl  free  turbulent  jet 

2.  The  pressure  within  the  bubble  is  constant  and  the  center  line  of 
the  jet  is  a  circular  .arc. 

3  Er.ti-aiiinienl  within  the  bubble  ceases  and  the  flow  divides  where 
the  extended  center  line  of  the  jet  meets  the  surface  of  the  plate. 

4.  The  force  parallel  to  the  plate  due  to  the  skin  friction  of  the  fo-- 
ward  and  backward  flow  is  negligible  compared  with  the  jet  mo¬ 
mentum. 

5.  The  jet  mom<*r.tum  is  the  same  as  that  for  a  free  jet  discharging 
to  atmosphere. 
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The  variation  of  pressure  witliin  the  separation  bubble,  the  position  of  re- 
a'tachinent,  and  the  variation  of  mass  flow  from  the  slot  wither  ,  all  at  high 
Reynolds  numbers  were  measured  and  computed.  The  comparisons  of  analyses  arri 
experiments  siiow  that  the  pressures  differ  by  about  30  per  cent,  at  high  values 
of  5"  ,  the  position  of  reattachnient  agrees  fairly  well,  and  for  C  =  30,  and  o<  r  15° 
agreement  on  variation  of  mass  flow  is  good.  Bourque's  theory  presents  an  im¬ 
provement  of  inviscious  flow  analysis  of  Metral  (Reference  8). 

For  the  future  development  of  viscous  Cuanda  flow  analysis  the  existing 
work  of  Murphy  (Reference  21)  may  be  useful.  Murphy  solved  laminar  two- 
dimensional  boundary  layer  along  a  curved  surface  including  curvature  effect. 


1 1 1.  Analysis  of  Compressible  Coanda  Flow 

Metral  and  Zerner  (Reference  22)  noticed  that  a  supercritical  pressure  is 
caused  at  the  crest  of  surface,  which  is  a  function  of  a  ratio  of  test  nozzle  height 
divided  by  the  de*!ign  nozzle  height  and  supply  pressure,  and  the  supersonic  Coanda 
flow  is  easily  obtained. 

As  of  this  date,  no  direct  analytical  investigation  of  compressible  Coanda 
flow  has  been  carried  out.  However,  some  related  problems  are  worked  out  in 
the  past.  Yen  (Reference  23)  studied  the  two-dimensional  mixing  problem  of 
laminai  flow  and  induction  phenomenon  by  injecting  a  high-speed  straight  jet  into 
a  stationary  fluid.  His  study  shows  that,  if  an  asymptotic  expansion  and  change 
of  independent  variables  is  introduced,  two  ordinary  boundary-layer  equations  are 
reduced  to  a  single  ordinary  differential  equation.  As  a  first  approximalion,  Yen 
indicated  that  with  the  present  l-uiowledge  of  turbulent  flow  this  solution  of  laminar 
mixing  is  applicable  to  a  problem  of  turbulent  mixing  if  the  coefficient  of  viscosity 
is  suitabi  y  modified.  For  turbulent  flow  eddy  kinematic  viscosity  £  =  134.7  cm^’/sei 
at  jet  length  x  -  17  mm  with  a  reference  length  L  =  1  mm.  This  value  is  1950 
times  larger  than  typical  values  obtained  for  the  laminar  coefficient  of  kinematic 
viscosity.  This  order  of  magnitude  of  ratio  of  turbulent  eddy  kinematic  viscosity 
to  laminar  kinematic  viscosity  is  the  same  for  low  subsonic  as  for  supersonic 
flow  (Reference  24).  Yen  (Reference  25)  analytically  studied  two  isentropic,  two- 
dimensional,  supersonic,  parallel  flows,  consisting  of  primary  flow  near  the  sur¬ 
face  and  secondary  flow  above  the  primary  flow.  It  was  found  that  the  Coanda 
effect  could  be  utilized  to  improve  the  flow  mixing. 


IV,  Experiment  on  Incompressible  Coanda  Flow 

Several  experiments  on  incompressible  Coanda  flow  have  been  conducted 
in  Europe,  the  United  States,  and  Canada.  In  France,  Henri  Coanda,  as  previous¬ 
ly  stated,  found  and  tested  the  Coanda  flow,  the  results  of  which  are  reported  in 
Reference  26.  In  the  United  States,  the  Coanda  flow  was  tested  at  Purdue  University 
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by  Boyer  (Ri  ference  27)  nncl  Mnrwood  (Refert>)i<:e  28).  Their  tc.st  results  ver¬ 
ified  that  iwo-dimeiis loiial  Coar.da  flow  clin5>s  to  the  surface.  At  Correll  Acro- 
tiaulioal  Laboratory  tlu“  fvper iment  by  Foa  and  Markstein  (Reference  29)  on 
two-dimensional  flow  over  a  smoothly  curved  surface  showed  that  it  is  possible 
to  obtain  thrust  auumentation  by  the  Coanda  effect.  Thrusts  were  measured 
iiorinal  to  the  jet,  and  measurements  showed  that  the  thrusts  measured  in  a 
direction  normal  to  the  jet  were  i.7  limes  higher  than  those  thrusts  measured 
in  the  direction  of  the  nozzle  axis  with  the  surface  removed.  Sproule  and  Robin- 
suu's  data  (Reference  30)  showed  that  the  augmentation  ratio  (Coanda  nozzle 
thrubt/siinple  nozzle  thrust)  reached  its  maximum  at  2,7  with  an  e.xternal  ejector 
with  a  2ot!-mm  throat  diameter  and  with  larger  throat,  augmentation  ratio  de¬ 
creased,  but  the  throat  diameter  less  than  bb  mm  decreases  this  ratio  less  than 
1 . 


Gates  (Reference  16)  tested  both  the  two-  and  three-dimensional  Coanda 
nozzle,  which  he  calls  the  external  ejector,  and  obtained  the  following  results: 

1.  Turning  efficiency  is  high, 

2.  With  two-dimensional  Coanda  nozzle,  ground  effect  is  negligible 
to  vertical  lift,  but  giound  effect  increases  the  horizontal  thrust 
by  a  facioi  of  tliree. 

3.  Entrainment  of  ambient  fluid  is  not  vigorous  and  its  direction  is 
normal  to  the  primary  jet.  This  fact  confirms  Stratford’s  find¬ 
ing  (Reference  4). 

4.  No  static  thrust  augmentation  can  be  obtained  by  a  Coanda  nozzle. 

5.  Supersonic  velocities  can  be  achieved  inexpensively  as  Metral  and 
Zerner  noticed. 

In  the  range  of  his  tests  Gate.s  did  not  obtain  the  thrust  augmentation  although 
Foa  and  Markstein,  as  well  as  Sproule  and  Robinson,  measured  augmentation 
in  certain  flow  regimes. 

Young  and  Zonars  (Reference  31)  tested  the  Coanda  nozzle  and  Coanda 
wing  and  found  results  similar  to  Gates'  data.  Although  the  Coanda  wing  reduced 
the  drag,  better  results  could  be  obtained  by  boundary-layer  control. 

Von  Glahn  (References  2  and  3)  investigated  two-dimensional  Coanda  flow 
with  both  single  and  multiple  deflection  surfaces  and  also  with  curved  surfaces. 

In  addition  to  the  previously  mentioned  findings  his  lift  measurements  showed 
that  the  maximum  ratio  of  lift  to  the  undeflected  thrust  could  reach  0.48  with  a 
single  flat  plate,  but  that  this  ratio  increased  to  0.88  with  many  flit  segments 
ueflecling  the  jet  flow  to  90  degrees.  The  optimum  plate  length,  which  gives  the 
maximum  ratio  of  life  to  undeflected  thrust,  was  found  to  be  defined  as  that  length 
whose  surface  pressure  is  equal  to  the  ambient  pressure  at  its  downstream  end. 
The  optimum  plate  length  also  gives  the  maximum  deflection  angle  with  no  de¬ 
tachment  of  jet  flow  from  the  surface. 

V.  Practical  Application 

Coanda  claims  that  Coanda  flow  devices  might  be  used  for  thrust  augmenta¬ 
tion,  high  lift,  low  drag  wing,  VTOL,  and  STOL. 
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Usinos  Chansson,  a  French  motor-car  radiator  manufacturer,  reports 
a  gainful  application  of  the  Goanda  flow  wherein  the  f*ow  is  used  to  scavcn(,’e 
the  exhaust  gas  in  inducing  air  flow  through  a  radiator  and  directing  the  exhaust 
gas  through  an  annular  Coanda  nozzle.  The  flow  augmentation,  on  a  four- 
cylindor  Citroen  car  engine,  was  about  six  times,  and  mass  rate  of  flow  was 
20:1  with  a  150  mm  diameter  nozzle  (Reference  8).  Coanda  applied  the  Coanda 
effect  to  a  rotary  pump  which  was  used  a  vacuum  pump  or  compressor,  as  a 
vacuum  pump,  it  was  reported  that  99.8  per  cent  vacuum  was  produced  at  an 
efficiency  of  98  per  cent  (Reference  27). 

An  experiment,  in  which  a  Coanda  slot  was  placed  at  the  nose  of  a  cigar¬ 
ette-shaped  body  which  was  submerged  in  water,  snowed  that  a  reasonable  pro- 
Dulsive  efficiency  was  obtained  (Reference  30).  Metral  and  Zerner  (Reference 
22)  found  that  a  supercritical  pressure  can  be  obtained  at  the  crest  surface  if  a 
proper  ratio  of  test-nozzle  height  divided  by  the  design  height  and  supply  pres¬ 
sure  arc  selected.  Therefore,  this  phenomenon  could  be  used  as  an  inexpensive 
source  of  supersonic  flow. 

Henri  Coanda  (Reference  26)  investigated  both  theoretically  and  experi¬ 
mentally  the  "Aerodyne"  wherein  the  Coanda  effect  was  applied.  The  Aerodyne 
is  an  ojector  in  which  the  primary  air  is  delivered  through  an  annular  nozzle 
around  the  inlet  periphery.  The  primary  jet  flow  adheres  to  the  curved  wall  and 
changes  its  direction  to  become  axial.  Then,  a  viscous  entrainment  i.  creases 
the  mass  flow  to  a  high  degree.  The  purpose  for  which  this  Aerodyne  is  used  is 
not  Icnown. 


Nozzle  Opening 


Fig.  5.  Aerodyne 
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VI.  KuUirc  Developincnt 


Coanda  flow,  as  a  jet  flow  cling  ng  to  tlie  surface  and  entraining  the  ambient 
air,  IS  a  wall  jet  over  a  curved  or  deflected  surfare,  involving  a  sink  effect. 
Although  it  is  very  difficult  to  analyse  the  viscous  Coanda  flow  when  the  distinc¬ 
tions  on  detailed  mechanism  of  narrow  jet  and  non  jet  viscous  wide  layer  fluid 
flow  on  the  curved  .surface  are  clarified,  then  .■r:'’thematical  solutions  on  viscous 
Coanda  flow  mav  be  obtained.  The  solution  of  viscous  Coanda  flow  will  contribute 
t^i^atly,  accompanied  by  experience,  to  further  development  of  mechanics  of 
fluiQ  amplification. 
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Abstract 


Construction  details  are  preseate.i  on  tvo  schlleren  sj’stems  which 
have  been  used  at  DOFL,  together  with  Illustrated  results  of  typical 
Images  obtained.  A  method  of  sealing  interchangeable  pure  fluid 
eleuienLs  to  optical  windows,  permitting  repeated  use  without  renewal 
of  materials  or  contamination  of  windows,  Is  given.  Techniques  for 
aiding  visualization  in  difficult  situations  are  discussed. 

Motion  pictures  are  presented  to  Illustrate  the  various  schlleren 
techniques  and  the  use  of  high  speed  photography  in  the  vlsuallzatlc.. 
of  transient  phenomena. 

Introduction 


The  sub.lect  of  vlstiallzatlon  of  compressible  flidd  flow  has  been 
well  covered  In  the  literature  {see  bibliographies  In  References  cited) 
consequently,  this  paper  will  discuss  that  techiilque  which  has  seen  the 
greatest  ixse  In  DOFL,  l.e.,  the  schl.ieren  system. 

Figure  1  shows  a  schematic  diagram  of  a  Toepler  schlleren  system 
using  lenses.  Ihs  following  arrangement  Is  used.  5i  Is  a  suitable 
light  source  (usually  long  end  narrow);  Li  Is  a  collimating  lens  that 
renders  the  light  from  a  point  source  parallel  before  passing  through 
the  test  section  at  0;  Lg  Is  the  "schlleren  lens"  that  converges  the 
light  to  form  an  Image  of  the  so’orce  at  Sg  where  a  knife  edge  or 
"schlleren  stop"  Is  located;  lens  Lj  which  is  not  always  requli-ed.  Is 
used  In  combination  with  Lz  to  image  the  test  section  at  I.  With 
proper  adjustment  of  the  knife  edge,  an  Image  Is  produced  In  which  the 
llgb*  intensity  at  each  point  Is  proportional  to  the  density  gradient 
at  the  corresponding  point  in  the  test  section. 


109 


Lens  Schlleren  System 


Figure  2  shows  the  arraiAgement  for  a  schlleren  system;  lenses  Li 
through  L5  ore  T-in.  f:2.5  Aero  Ektar  surplus  lenses.  3he  light  source 
shown  Is  a  0.010-ln.  diameter  Llbess art -type  spark  gap  with  a  25-w 
zirconium  mrlcling  light,  focused  through  the  gap  by  means  of  condenBing 
lenses.  The  zirconium  light  Is  used  for  visual  and  motion  picture 
observation;  the  spark  Is  used  for  microsecond  still  photographs.  The 
schlleren  objective  lenses  Lp  and  L2  must  be  chosen  for  high  quality, 
•^Ince  surplus  lenses  are  sometimes  defective.  Lens  Lp  collimates  the 
light  passing  through  the  fluid  element  being  obsei’ved.  Lens  Lg  focuses 
the  light  on  the  schlleren  stop  (knife  edge  or  filter)  and,  In  combina¬ 
tion  with  lens  L3,  Images  the  fluid  element  on  the  ground  glass.  Ihe 
ground  glass,  used  for  visual  observation.  Is  removed  for  photography. 
Lens  Li|  Images  the  press’urc  gages  Into  the  plane  of  the  ground  glass  by 
means  of  perlscoplc  mirrors.  The  cooqjoslte  image  Is  then  relayed  to 
the  film  by  the  combination  of  lens  L5  and  the  camera  J.ens. 

The  sensitivity  and  quality  of  this  system  Is  relatively  poor  due 
to  aberi'atlons.  /slthough  supersonic  flow  Is  readily  observed,  other 
techniques  are  used  to  Improve  visualization,  and  sure  discussed  below. 

DOFL  MliTor  Schlleren  System 

The  Initial  program  of  research  In  pneumatic  devices  set  forth 
requirements  that  could  be  satisfied  best  by  a  schlleren  system  of 
greater  sophistication  than  the  lens  system  desexibed  above.  This 
system  had  to  be  designed  to  pertolt  resolution  of  flow  lix  passages  of 
0.010  In.  to  0.030  In.  wide,  with  a  maximum  field  of  8  In.  In  diameter. 

It  was  to  be  versatile  enough  to  permit  variations  such  as  directional, 
non-ilrectlonal,  phase-contrast,  color,  or  monochromatic  schlleren;  also 
utilization  as  a  polarizing  or  a  diffraction  grating-type  Interferometer. 
Though  a  very  high  sensitivity  was  demanded.  It  was  necessarily  re¬ 
stricted  to  10"®  radians  deflection  as  a  practical  limit. 

Figure  3  shows  a  schematic  diagram  of  this  system.  The  con5)onentB 
to  the  ii.ght  of  .section  A-A  In  the  diagram  are  shown  in  Figure  4.  (The 
con^onent  parts  are  identified  with  corresponding  letter  designations 
In  Figures  3  and  U.)  The  console  and  electronic  equipment  shown  In  the 
left  foreground  of  Figure  1*  are  used  In  operating  the  light  sources. 

These  sources  consist  of  a  high  pressure  mercury  arc  lamp  (type  BH-6) 
and  a  pulsed  gaseous  discharge  laa^)  (type  FX-12).  The  BH-6  Is  operated 
on  alternating  current  for  visual  observation,  or  or.  direct  current  for 
motion  pictures  and  photoelectric  scanning  of  the  Image.  The  FX-12  Is 
used  for  still  photographs  and  high-speed  motion  pictures.  Its  ability 
to  permit  microsecond  (01  shorter)  ejqKJSVires  at  rates  as  high  as  6000 
per  sec  is  necessary  for  the  study  of  traxisient  flows  In  the  small 
passages  of  the  pnevmatlc  devices. 
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Visual  obser^/atlon  con  be  made  of  the  image  on  the  ground  glass 
of  the  5x7  view  camera,  identified  by  (S)  in  Figure  This  camera 
is  adjustable  to  give  a  vd.de  range  of  magnification  and  permits  the 
use  of  either  Polaroid  packets  or  roll  film  and  cut  film  (4x5  or 
5x7)  for  still  photographs.  Additional  photography  is  available 
vdth  either  a  35-sm  still  camera,  or  a  motion  picture  camera,  which 
can  be  mounted  at  position  T.  The  motion  picture  cemc^nn  'i=ueJly  in 
this  position  are  eq'olpped  vdth  reluctance  pickups  to  permit  synchro¬ 
nized  pulsing  of  the  FX-12  lamp. 

A  photoelectric  readout  de’.dce  can  be  Installed  in  place  of  the 
motion  picture  camera.  This  consists  of  a  sin^'le  photomultiplier 
tube  with  a  small  pinhole  vdndow.  The  camera  mount  can  be  adjusted 
to  permit  any  arou  of  the  schlleren  image  to  fall  on  the  pinhole. 

Tlie  pinhole  can  then  be  translated  laterally  vdth  a  cross  feed,  to 
which  is  coupled  a  precision  potentiometer.  In  this  manner  a  plot  of 
image  intensity  versus  distance  can  be  made  by  an  analog  recorder, 
for  steady-state  flow. 

Schlleren  Test  Section 

The  test  section  J  (Figure  4)  is  sho’wn  in  more  detail  in  Figures 
5  and  6.  The  light  beam  is  divided  into  two  paths  at  the  test 
station  -  one  througn  tne  pneumatic  element  being  tested,  and  the 
other  through  a  calibration  standard.  The  standard  is  one  of  several 
long  focal  length  lenises,  the  angular  de'dation  of  each  being  knov^n 
across  the  diameter.  (The  focal  lengths  used  arc  238  ,  240,  and 
1600  ft.)  A  correction  wedge  is  used  to  balance  out  any  errors  due 
to  lacn  of  parudJ-Clicm  of  the  vdndows  used  to  cover  the  element  being 
tested. 

The  pnevimatic  element  to  be  tested  is  clamped  between  the  vrtndows 
by  means  of  a  "floating"  annular  hydraulic  cylinder  to  attain  a 
controlled  unlforn  pressure.  The  window  holders  are  removable  to 
permit  the  use  of  a  variety  of  round  or  rectangular  vrlndows.  Figure  6 
show's  one  type  of  window  in  which  the  all'  passes  to  or  from  the  element 
by  means  of  ports  drilled  throu^ih  the  windows.  This  method  permits 
rap-t  d  excharge  of  low-cost  elements  produced  by  etching  a  photosensitive 
glass  (Corning  Fotofoimi  B). 

Sealing  Pneumatic  Test  Elements 

The  behavior  of  a  p'a'e  fluJd  element  is  dependent  upon  flo’w  in  the 
small  area  in  the  immediate  vicinity  of  the  control  Jets.  Consequently, 
the  flow  in  this  area  must  be  disciplined;  leakage  cannot  be  tolerated. 
Originally,  units  were  supplied  with  tightly  clamped  transparent  plastic 
windows  that  sealed  well  but  Introduced  strong  schlleren.  Heavy  glass 
wiudovis  w'^re  then  tried,  but  the  surface  of  the  fluid  eleme.nt  (made  of 
brass)  could  not  economically  be  rendered  sufficiently  flat.  This 
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problem  waa  i-e-aoivea  by  macninlriij  the  unit  initially  to  ordinary  shop 
t'jleranceSj  then  eoatln^^  it  with  a  gacKet  of  0.010  in.  extriaded 
poljr-styi’ene  foam  aheetlng.  The  gasket  is  applied  with  a  ’water  emulsion 
of  vinyl  acetate  to  provide  a  pressure-sensitive  bonding  material.. 

Ihe  passageways  are  then  cut  free  of  the  gasket  with  a  hot  wire. 

Tne  gasket  material  is  composed  of  cJcse'’  (unbroken)  bubbles  of 
polystyrene;  consequently,  it  has  an  extremely  low  bulk  modulus  that 
permits  it  to  conform  to  an  uneven  surface  without  areas  of  high  stress 
in  the  windows.  Also,  the  gasket  has  a  good  recovery  and  does  not 
scratch  the  window;  therefore,  the  unit  can  be  clamped  repeatedly, 
which  permits  frequent  window  ^'leaning.  With  a  30-poig  pressure  across 
a  l/l6-ln.  wall,  a  leak  rate  of  less  than  30  x  10"®  scfm  was  measured. 

Schllercn  Imot^es  Obtained 

Figure  7  shows  a  tj'pical  image  obtained  with  the  mirror  system. 

Those  who  are  not  familiar  with  the  Interpretation  of  schlleren  photo¬ 
graphs  may  find  the  following  method  helpf’il.  If  one  imagines  the 
fl’uid  ’™lthl  r.  the  passages  as  a  milky  liquid  being  lUvaolnated  at  a 
grazing  Incidence  from  the  direction  of  the  knife  edge  (from  above  in 
Figure  '(),  the  flo’w  '«111  appear  to  be  in  relief  in  such  a  manner  that 
the  higher  the  relief  above  the  plane  of  the  photograph,  the  greater 
the  density  of  the  gas.  Various  regions  which  give  Infomation  of 
flow  conditions  can  be  seen  in  the  photograph.  Attached  to  the  splitter 
Is  a  shock  wave.  From  the  shock  angle  and  the  splitter  angle  one  can 
detenalne  flow  f-iach  numbers  before  and  after  the  shock,  pres.siire 
coefficients,  flow  deviations,  etc.  In  the  nozzle  one  can  see  Mach  wavec 
from  which  flow  characteristics  can  he  determined  and  nozzle  design 
modified.  The  fact  that  flow  is  filling  both  exit  passages  equally 
indicates  that  for  this  nozzle  the  hacking  or  exhaust  pressure  was  too 
low  relative  to  the  Inp'ut  pressure. 

Figiire  8  shows  the  same  unit  operating  properly,  with  the  flow 
separating  within  the  nozzle,  attaching  to  the  wall  and  exhausting 
from  one  nc-'-Hge  only.  Details  of  flow  separation  within  the  nozzle  caii 
be  studied  as  shown  in  Figure  9.  In  each  of  the  flows  ILIustrated  the 
conditions  are  identical  in  regard  to  mass  flows  and  pressure  ratios. 

The  nozzle  is  operating  overcjqpanded,  with  flow  separation  and  a  shock 
occurring  in  exactly  the  same  manner  at  the  left  side  of  the  nozzle. 

Note,  however,  that  the  flow  leaves  the  nozzle  vertically  In  one  case, 
and  directed  to  the  right  In  the  other.  Examination  will  show  that 
flow  separation  occurs  on  the  right  w.rll  of  the  nozzle  also,  end  the 
final  direction  of  flow  is  determined  by  the  net  effect  of  the  deviated 
flow  from  botli  walls.  The  variation  in  separation  at  the  right  wall  is 
caused  by  changes  of  backing  pressu-^  affecting  the  boundary  layer 
buildup.  In  an  actual  unit  the  separation  can  be  stabilized  by  allowing 
the  flow  to  become  attached  to  the  downstream  wall. 
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Aids  to  ImprcvG 


Yi realization 


The  schllei'en  pictures  dlscnssed  thus  far  were  ta'cen  by  the  mirror 
system  of  supersonic  flo«.  In  the  case  of  a  low  senslti.'lty  system  or 
for  'incompressible"  flow,  technlc^ues  can  be  used  to  aid  schlleren 
•,■1  suall  zatlon . 


By  Introducing  a  volatile  traiisparent  liquid  onto  the  surface  of 
the  ’window  of  a  unit  being  tested  in  the  schlleren  system,  the  flow 
pattern  can  be  ’.rlsaalized  within  errors  imposed  by  inertial  effects. 
Figure  10  sh.  ws  a  fluid  element  adapted  with  a  hypodermic  tubing 
aspirator  nozzle  for  introduction  of  trichloroethylene.  This  technique 
works  extrem<’‘ly  weld  and  requires  l.lt+le  senslti’/lty  of  the  schlleren 
system  Itself,  Because  of  this,  color  can  be  ’used  to  enhance  the 
vl suall action.  (Chromatic  aberrations  of  lenses  and  diffraction  impair 
color  scrdloren  when  high  sensitivity  is  required. )  A  point  source  can 
be  usea  -with  a  concentric  green  and  red  filter  (similar  to  a  Relnberg 
differential  color  filter  for  microscopy).  Figure  11  chows  a  selected 
fram.'"  from  16-mm  mo'.’le  sequences  taken  at  loO  frames/ sec. 

Flow  lines  con  be  \'isualized  Ir.  the  case  of  steady-state  flow  if 
"shop  ilr"  is  used  and  oil  vapor  "ts  present.  The  flow  is  left  on  and 
schlleren  photographs  taken  of  the  traces  that  remain  from  the  condensed 
oil  as  the  droplets  follow  the  flo’w  in  the  glass-to-air  boundary  layer. 
Note  the  results  of  this  technique  in  Figure  12.  By  taking  time 
sequence  movies  at  fro.’ae  intervals  nf  the  order  of  six  seconds,  a 
complete  flo’w  pattern  can  be  seen  as  the  droplets  creep  along  the 
boundary  layer.  It  must  be  remembered,  however,  that  this  method  shows 
averaged  bo’ondary  layer  flow,  and  not  a  complete  time  history  of  internal 
flo’wj  f'urthoj'morc  flow  in  the  boundary  layer  may  be  apprecially  different 
from  flow  'Within  the  unit. 

In  some  ca.ses  it  is  possible  to  introduce  a  "tracer  gas"  with  an 
index  of  refraction  differing  from  the  flow  being  investigated.  Heated 
air,  or  a  gas  such  as  helium  can  be  used.  Figure  13  shows  the  primary 
air  being  outJ Incu  by  helium  which  Is  allowed  to  drift  into  the  unit 
through  the  cont^’o!  orifices  and  is  entrained  by  the  primary  flow.  In 
this  example,  which  was  taken  with  the  lens  schlleren,  the  flow  is 
incompressible,  being  at  approximately  liach  .04.  One  must  remember, 
however,  that  in  using  this  technique  the  flow  visualized  is  Lhe 
boundary  between  tne  tracer  and  the  primary  air  rather  than  the  over¬ 
all  flow  takir4;  place. 

Motlua  Pictures  for  Transxent  Vi suall zatlon 

Tne  discussion  at  the  Synqposium  was  followed  by  a  five  minute 
IG-mn  film  showing  examples  In  color  or  black  and  white  of  units  in 
action.  The  scenes  were  as  follows:  1)  a  fluid  oscillator,  taken 
with  a  very  simple  lens  schlleren;  2)  a  momentum  exchange  vinlt  using 


heliiun;  6)  n  memory  unit,  vit-ollzcd  by  menus  of  trichloroethylene; 

Ij)  a  bistable  element  photographed  at  3,000  frames  per  second,  using 
the  BH-6  mercury  arc  with  dli'ect  current  as  a  light  source;  5)  the 
otuQe  .’’equcnce  and  fi’arae  rate  as  in  scene  5,  except  the  FX-IB  lamp  was 
used,  giving  an  exposure  of  about  one  microsecond  per  frame;  6)  a 
convergent-divergent  noznle,  taken  at  6,000  frames  per  second  with 
the  3H-D  operating  on  D.C.;  f)  a.  time  sequence  movie  in  which  the 
oil  condensation  technique  is  Illustrated,  yypproxlmately  two  hours 
nuinlng  time  were  compressed  Into  fifty  seconds  pi-ojectlon  time. 
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Figure  1.  Schematic  of  schlieren  system 


Fraiaur* 


rarlieoplc  alrrett 


Li|ht  lource 


Figure  2.  DOFL  schlieren  system  using  7-in  F;2,  5  Aero 

Ektar  lenses. 


115 


SchMAtle  of  DOFL  •int>r  ftChllarott  iqrfttoM. 


Figure  3.  Schematic  of  DOFL  mirror  schlieren  system. 


Figure  4.  DOFL  mirror  schlieren  system. 
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Figure  6.  Exploded  view  of  pneumatic  element  and  test  section  windov'S. 
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r  i;.Mirc  7,  Supersonic  unit. 


'  approxituately  .07,  no  control, 
*  o 

throat  =  ,  030  in.  wide. 


118 


Figure  8.  Supersonic  unit.  Pressure  ratio  adjusted  for  proper 
operation  (no  controU. 
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Figure  9.  Divergent  nozzle  showing  flow  separation.  /p  approximately  .07, 

throat  =  .  030  in.  wide. 
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Figure  10.  Method  used  to  introduce  trichloroethylene  into  element. 
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Figure  11,  Bistable  element,  trichloroethylene  aid. 
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Figure  12.  Boundary  layer  flow  visualization  by  condensation  of 
®  oil  vapor. 


1  *>  ’ 
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FLO-.'  VISJALIZATION  A-.D  D8;o'l'AL  SfiPuIES  OF  A  PROPCRTIOfJAL  FLUID  AMPLIFIER 

by 

R.J.  Hoilly 
J.A.  Kallevig 

of 

Minnfiapolls-Honeyvrell  R^cul^tor  Conpany 
Military  Products  Group  Research 

Abstract 

Experircntal  data  taken  on  a  particular  type  of  closed,  proportional 
fluid  anplifier  did  not  a,:;ree  with  analysis  based  on  two  different  mthematical 
models,  visualization  studies  and  detailed  neasurenents  in  the  interaction 
region  of  3  fluid  Jets  show  that  the  power  stream  is  accelerated  after  leaving; 
the  power  nozzle.  This  fact  is  not  pi^dicted  by  either  nathenatical  model  and 
must  be  considered  in  future  analytical  investigations. 


Early  developnent  of  the  proportional  fluid  amplifier  was  primarily  on  an 
cxpcrinental  basis  aimed  toward  determination  of  nencril  operational  chai*acber- 
istics  and  applicability  of  devices  of  this  type.  The  need  for  analytical 
guidance  in  device  optimization  and  5;xstem  synthesis  received  early  recognition. 
Horton  and  other  early  investigators  based  their  mathematical  description  of 
tb*  devi''"  on  analogy  to  the  submerged  fluid  jet.  Initial  work  by  Kinnoapolis- 
iloneywell  investigated  a  refinonent  of  the  submerged  jet  model  as  well  as  other 
mathematical  formulations.  (Reference  l) 

I.'one  of  these  nathematical  models  gave  a  really  satisfactory  prediction 
of  tho  performance  of  the  devices  tested.  In  an  effort  to  achieve  a  bettor 
understanding  of  the  interaction  of  three  fluid  juts  a  series  of  flew  visual- 
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isatlon  cxpcrimonts  were  porformed.  Thoso  studies  indicetr  that  the  ilow  V7ithin 
the  fluid  anplifier  '’iffers  sif^nificantly  frtr^  the  submerged  jet.  In 
particular,  the  flow  patteins  observed  suprest  the  acceleration  of  Uio  central 
portion  of  the  power  stream  rather  than  the  degradation  o'*  the  v'^lecity  profile 
which  occurs  in  the  sabnerned  jet. 

7o  verify  the  observation  made  in  visualization  studios^ a  lar,"e,  three 
jet,  interaction  model  was  constructed  and  instrumented.  Preliminary  moasurc- 
ments  made  with  tliis  model  X7hich  show  the  e'd-Stance  of  an  accolernt'-d  core 
velocity  are  presented. 


Section  I 


Pevi-’w  of  Proportional  Amplifier  0[)oratinp  Shfiracteristi'’'! 

''urinf  the  cai-ly  phane  o'"  'level opnnnt  en'*  oviluation,  proportional 
a'^plirinrs  o'"  vidoly  varyinf:  size  and  eonf ifiuration  were  operated  on  several 
different  typos  of  fluid,  V.Tilo  She  perforranee  of  each  varied  somewhat, 
nearly  all  sh.or.'red  performance  characteristics  sim.ilar  to  that  shown  in  fiRure 
1.  fhis  fi'Oirc  plots  the  chanre  in  output  monentun  versus  the  chance  in  input 
or  control  nomontum  for  a  t’-riical  fluid  amplifier.  Output  monentun  is  based 
on  an  averajy;  *.01001  ty  over  the  roccivine  aperture  area  and  povrer  strean  • 
noment’un  is  chosen  as  the  non-dimensional izinp  parameter,  fhe  linearity  of 
the  central  portion  of  this  curve  is  strikinc.  Hiat  this  portion  of  the 
c'\rv"  is  truly  linear  and  rot  merely  a  wishful  lino  drarm  shrouRli  the  data  is 
eomonstrated  by  firure  2  ■..•’iluli  sl.owj  t!ie  oorformance  characteristic  which 
results  when  the  output  flow  of  one  proportional  amplifier  is  used  as  the  input 
sifnal  of  the  second,  fne  two  amplifiers  are  identical  pvropt  for  size  and 
not  selected  for  cor.pensatinc  characteristics. 

Analyt'cal  7omulations 

Very  early  in  the  ifoneyweli  ’'"'uid  amplifier  proRram  it  vras  e*/ident  that 
an  analytical  description  of  the  proportional  amplifier  was  necessary,  both 
to  Ruido  the  way  toward  optimum  dcsicn  of  de*/iccs  and  to  assist  in  orcanizins 
the  eynerinental  d.-x^-i  according  to  significant  flow  and  ceonotric  parameters. 
"Xir  first  analytical  attempt  followed  the  work  of  Horton  (lleferonce  2) 
utilizlnc  the  enaloRy  to  the  subnerced  jet  ’.rith  minor  improvements  by  numerical 
inte'Tation  of  the  sub’ierpcd  jet  velocity  profile.  In  nridition  to  the  usual 
assumptions  of  two  dimensiona]  flcvj,  steady  flow  and  incompressible  fluid,  the 
oubm  T.-,cd  jot  analogy  assumes  that  there  is  a  complete  mixing  of  the  power 
.stream  ;rith  the  control  strear.s  and  that  no  significant  change  in  the  symmetry 
of  the  velocity  profile  r''cultR  from  the  asymotri’e  distribution  of  contj’ol 
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flow  rponiro'’  for  '^oflf'ctlon  of  i!'!0  ,irfc,  fj-oiro  1. 

iho  nub”''r':ed  Jot,  nathooi-oticrl  ro''nl  '•’i  !  not  ;'.iold  or, tio^-otory  af,rGG'"ont 
■•’ith  the  oxporir.entol  r'''3ulto  on  t!io  r’0'’i,lo  t'istof’,  honoc,  to  brao’cot  tho 
prohleni,  a  ratbr-.-oticnl  r’0'’ol,  poatulatlv.-  an  .ur/iooid  riui''  and  no  nixiny 
of  the  control  an"^  po'fi'r  otroans,  wac  analysed,  firnro  )  .  ’’oth  of  nh''  above 
analyses  arc  developed  in  detail  in  rcforerce  1. 

A  comparison  of  the  ar.alytical  results  id  th  oats,  tahen  un  one  oarticulrr 
closed  proportional  a-inllflor  con''i<:nration  is  siioivn  in  fi-ure  5.  Continuity 
requires  that  all  of  th.e  fluid  entering  njch  a  '^c'd.co  rust  exit  through  the 
receiving  apertures,  lyelther  t!ie  sul5r.erf:ed  jet  nor  tho  inviscid  model  rives 
a  really  acceptable  pro'^lction  of  tlio  performance  of  the  actual  device,  flue 
most  notable  discrepancy  betw''nn  c'"''’rim'’nt  an'’  tlieory  Is  tic  fact  that  oven 
the  Inviscid  flow  model  does  not  -deld  an  amnlifieat  on  which  is  as  hi.qh  as 
that  deterrined  by  experiment,  riic  inviscid  model  docs,  hov;cvor,  provide  t!r 
linearitv  required  by  the  central  portion  of  the  experimental  ecrfomancc 
curve  so  it  is  worthwhile  to  explore  what  ic  ncc'csary  in  or^’or  that  a  linear 
performance  oui've  is  produced. 

It  is  sha;n  in  reference  1  that  the  amplification  or  sain  of  a  proportional 
amplifier  can  bo  written  as 

where: 

K  is  the  ratio  of  the  total  control  mass  flovr  to  the  poi.'cr  stream  m.a.ss  flow, 

k  is  the  ratio  of  a  control  nozzle  area  to  the  povrer  nozzle  area, 

L  Is  the  distance  from  the  pwer  nozzle  to  tho  splitter, 

y  is  the  distance  t}u:ou,qh  which  the  jet  is  deflected  perpendicular  to  tho 

center  line  of  the  device, 

«  • 

n  is  defined  as  ^ 
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tho  difference  of  the  output  nocn  flovn  di*;ided  b/  the  total  nofjs  flow 
throunh  the  device.-  For  a  s, /metrical  velocity  profile,  R  can  be  written 
In  the  following  forn: 


Thlo  int'^pratlon  was  por''onred  in  reference  1  and  is  presented  here  in 
.figure  for  convenient  reference. 

Inspection  of  equation  1  shows  that  for  a  linear  norfomanoe  curve  to 
exist,  i.e.  ■  a  constant,  R  must  be  a  linear  function  of  y/L.  Equation  3 
then  shcrt/c  that  for  H  to  be  linear  with  y/L  a  uniforn  velocity  profile  must 
be  presented  to  the  receivinr  apertures,  or  the  ’Velocity  profile  must  be 
chanqin,-;  in  sone  nystnrious  way  to  rake  it  appear  so, 

'/ith  the  forenoing  relationships  one  ray  work  backward  fror  experlnental 
data  to  see  ivhat  is  required  of  Ute  natberatica]  nodel  if  tho  porfornance  curve 
of  fi.qure  5  In  to  be  duplicated.  An  ex'^'rincntal  velocity  profile  is  constructed 
by  dfitemininr  R  fror  the  experinental  data  and  then  differentiating  R  /rlth 
respret  to  y/L  to  obtain  a  velocity  profile,  flio  velocity  profile  so  obtained 
is  sl’otrn  in  fipurs  7,  reproduced  <'ron  re.fe'"rnc3  1.  f.is  fi.q  r^  shcnrr  thrt 
in  order  to  satisfy  tho  or:y.rinental  curves  under  tho  ascuned  constraints  it 
is  necessary  that  the  velocity  profile  presorted  at  the  rccci'Vi’inr  apertures 
not  only  be  uniform  but  also  accelerated  rather  than  red'.iced  in  vcloeity  as 
pre'^icted  by  the  subrerged  Jot  hypothesis. 
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Section  II 


ITow  YiKualization  '’tu'Ucr; 

To  aorsist  in  the  ^omulation  ol  a  noro  suitiSln  rTt.}io!'''<Vc-''l  ’".o^lel  an'i 
lo  riuid"  the  co-’.rsr  of  futnxe  eXcorirents  a  onrinn  of  fo’..'  vicuaiisation 
stuilor.  vorc  aon'^uctc'’.  on  a  snno''’'3t  larii'r  lr:t  foor.ntrically  similar  pro¬ 
portional  boan  'iefloction  anpliflcr.  fhis  ir.O'iel,  clioTm  in  firuro  3  usoi 
rat'^r  as  a  i.’or’rin;;  "luiH  ar;'i  had  provision  for  dyo  injection  into  tl  c  po'Jor 
str 'an  and  thr  contrcl  stream  to  ria'<o  their  respective  flows  visible.  At 
the  fomal  prer^ntation  a  series  of  colored  slides  ’-rere  shown  wiiich  dcronstrated 
the  flow  patte  ns  obtained  in  a  closed  proportional  fluid  ar.plifior.  'n«3 
liiiitatioMs  of  black  and  n'hite  reproduction  processes  precludes  their 
presentation  hero. 

In  the  '"irst  series  of  shewn,  the  ratio  of  the  control  nozzle 

area  to  the  povrer  nozzle  area  is  approximately  .57  and  the  ratio  of  tho  total 
control  nonenfr.  to  power  nonentun  at  null  is  approxine tely  0.127,  K,  th.e 
ratio  of  the  to', al  control  mass  flow  to  the  power  nozzle  nans  flow,  is  ,3o. 
Reynolds  number  based  on  povrer  nozzle  width  is  of  the  order  of  12^000  to  l!'^000. 
It  is  c'/ldont  fron  this  0''rics  of  slides  that  nothing;  approachin;,  complete 
nlxinc  of  *h.e  t'-Tec  streams  occurs  within  tlsls  device.  Dy  close  '’rcaninjition 
of  the  slides  ti^e  identity  of  tho  3  stroa’-s  can  be  discerned  several  channel 
^rtdt.ho  doTOstrean  of  the  rcccivinp,  apertures.  7ui'tlier,  vdiat  appears  to  be  a 
sli~ht  contraction  of  the  power  ctrean  can  be  observed  in  the  interaction 
region,  fhis  contraction  could  be  to  nixinf:  of  the  streams  or  be  a  .nis- 
leadinR  phenomenon  ■-''ue  to  boundry  lay-'r  effects  on  tlic  top  S’jr.'’ace,  or  an 
acceleration  of  the  central  portion  of  the  power  stream  as  ir.  'Lcated  by  the 
above  set  of  experiments. 

A  second  scries  of  photographs  is  shoirn  for  the  sane  model  modified  so 
that  the  control  nozzle  areas  are  half  vrtiat  they  were  in  tho  previous  case. 
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T^r'  ’^.p.rr,  fl'"  r7t±n  T-;n3  approxin.Ttcly  the  cane,  K  ■  0.39,  and  tlie  rionentun 
ratio  rises  to  Mg^A'o  “  series  of  experiments  shows  a  pronounced 

contraction  of  the  power  stream  and,  perhaps,  somewhat  more  nixing  of  the 
3  streams.  Since  a  somovrtiat  Mi'^hor  pressure  was  required  to  maintain  the 
mass  flow  of  the  power  stream  at  its  previous  level  it  became  a  natter  of 
reasonable  conjecture  that  the  contraction  o?  the  power  stream  in  the  inter¬ 
action  refiion  indicated  a  correspondinn  acceleration  of  the  central  portion 
of  the  stream  after  leaving  the  power  nozzle.  It  is  interesting  to  note, 
however,  that  the  momeniun  gain  was  virtually  identical  in  both  cases. 

Section  III 

^totalled  Jet  Interaction  Studies 

Based  on  the  flow  visualization  studies  experiments  a  large  variable 
geometry,  three  jet  i"t«-->''tion  model  was  fabricated  to  permit  detailed 
studies  of  the  interaction  region.  This  model  Is  shotm  in  figure  9  and  is 
of  rufficient  size  to  pornit  easy  instrumentation  without  concern  for  the 
effect  of  the  measurer.ent  probes  on  the  flow  field.  The  studies  to  be 
conducted  on  this  model  have  begun  with  detailed  traverses  of  the  3  jets 
alone  and  will  proceed  in  orderly  fashion,  progressively  adding  downstream 
pieces  until  a  configuration  of  the  desired  fluid  anplifer  is  obtained. 
Measurements  will  he  made  after  each  modificotlon  of  geometry  to  determine 
its  effect  on  the  interaction. 

Some  preliminary  results  of  pitot  static-static  traverses  of  3  interacting 
jets  are  shovfn  in  figure  10.  The  mass  ratio,  K,  for  these  profiles  Is 
approximately  0.6.  The  area  ratio,  k,  is  1,0,  resulting  in  a  momentum  ratio 
of  the  two  streams,  equal  to  0,l6.  Flow measurements  were  made  viith 

rotameters  and  the  control  flows  balanced  as  well  as  possible,  however,  in 
the  actual  case,  the  curves  of  figure  10  were  dlcplaced  somewhat  from  the 
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cental  line  of  the  clevloe 


"or  pr®stfntation  purpoons  Uioy  have  been 


centered  but  the  distortion  o"  the  profile  for  oven  this  snail  asynnetry 
of  the  control  ''lows  is  noticeable. 

Kor  this  particular  con^'iruration,  nass  flow  ratio  and  noncntuin  ratio 
tho  subnerred  jet  ar.alo.'y  of  Albertson  cor.paros  quite  i;ell  v;ith  the 
experinental  data  as  sriown  in  firiu-e  11.  Since  a  nass  ratio  of  one  corrosnoiids 
to  a  subnerpod  jet  of  length  7.3  conparison  could  be  nade  with  the  6  D2  and 
the  8  D2  experimental  data  only  (D2  defines  the  width  of  the  power  nozzle). 

I'ipure  12  shows  a  series  of  velocity  profiles  taken  for  nass  flow  ratio 

equal  to  approximately  1.0  with  the  sane  peometry  as  above.  This  nives  a 

nonentun  ratio  1'^  /lig  equal  to  '?'’ne  it  may  bo  seen  that  the  acceleration 

t 

of  the  central  portion  of  the  stream  indicated  in  the  visualization  studies 
appears,  r>'o  na>rlr'.U!n  velocity  — 'Ched  by  the  central  core  of  tho  profile 
exceeds  the  initial  velocity  of  the  power  nozzle  by  20, j  at  the  largest  value. 

It  is  intcrestin,'’  to  note  that  a  total  pressure  survey  of  tho  center  line 
velocity  in  this  case  shows  an  ever  decreasing  total  oressure.  In  a  nodel 
as  lar~e  and  open  as  this  one,  it  is  often  easy  to  rationalize  that  the  static 
prssruro  should  be  nearly  constant  everywhere  except  in  the  Inrodiate  vicinity 
of  the  nozzle  exit,  and  the  dpclininp  pizessure  S'jrvey  should  indicate  a  decrease 
in  velocity.  However,  when  the  static  proc'tire  is  reasured,  it  is  f  und  to  be 
declininc  more  rapidly  than  the  total  nros-iure  and  hence  an  increase  in  the 
center  line  velocity  is  observed. 

Conoiuh  ions: 


1.  llathenatlcal  models  of  oroportional  fluid  amplifiers  based  on  subnerred  jet 
theory  are  not  suitable  for  some  amplifier  conltRurations, 

2.  Interaction  the  control  streams  with  the  pov/er  stream  oar  produce 
acceleration  of  the  power  stream  after  it  leaves  the  power  no«zle. 
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WffW  4  MVISCIO  MODEL  VELOCITY  PfIOFILE 


PpM  S  VELOOTY  PRCFU  FON  A  SUMERCED 

JET,  L/%*6.0 
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Figure  8.  Flow  visualization  model. 


Figure  9.  Jet  inteiaction  model 
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Figure  10.  Experimental  jet  profile 
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Figure  IZ,  Experimental  jet  profiles. 


eRODL'CTIOtJ  OF  FLUID  AliFLIFIEIlS 


BY  OPTICAL  Fi.BRIC/TIOK  TECHIilQUES 
by 

U.  W.  Van  Tilburf; 
of 

CORNING  GLASS  WORKS 


Abstract : 

A.  presentation  is  ruiut  of  the  results  of  a  study  of  the 
applicability  of  optical  fabrication  techniques  to  tlie 
production  of  fluia  amplifiers. 

Advantages  and  liir.i.ations  of  Fotoform  laaterials  as  they 
are  related  to  the  fabrication  of  fluid  systems  are  dis¬ 
cussed,  i.lonj^i  with  data  relatinij  process  variables  and 
performance . 

Designs  subuicteu  oy  The  Diatwnd  Ordnance  Fu^e  Laboratory 
v;ere  optically  transferred  to  scnsii.i<:ed  glass  plates,  and 
the  resultant  patterns  were  chemically  machined  to  the 
desired  depth.  A  sufficient  number  of  identical  ».mlts  were 
produced  to  permit  evaluation  of  the  effect  of  process  varia¬ 
tions  on  amplifier  performance. 

Variables  inherent  in  the  process  were  measured  prior  to 
sealing,  and  a  table  of  dimensional  variations  and  side  wall 
and  channel  bottom  roughness  is  shown.  After  sealing,  opera¬ 
tional  characteristics  were  determined,  and  curves  are  pre¬ 
sented.  In  this  program,  nozzles  in  the  dimensional  range 
of  .020"  X  .080"  to  .030"  x  .090"  were  used  with  air  as  the 
fluid.  All  flows  were  subsonic.  Production  equipment  was 
utilized  tor  all  fabrication,  and  the  ranges  of  variation 
shown  are  typical  for  volume  processing. 

Results  indicate  that  it  is  possible  to  fabricate  the  complex 
fluid  amplifier  designs  rapidly  and  relatively  inexpensively, 
and  this  can  be  done  with  a  material  which  is  dimensionally 
stable,  capable  of  high  temperature  operation,  unaffected  by 
nuclear  radiation,  and  impervious  to  most  corrosive  liquids 
and  gases. 
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Introduction: 


Although  the  process  for  making  Fctoform  products  has  been  in 
commercial  existence  for  more  than  five  years,  few  appllcatlcns 
have  been  investigated  during  that  time  which  are  more  naturally 
culted  to  the  process  or  material  than  the  fabrication  of  pure 
fluid  systems. 

As  Indicated  by  the  title,  the  primary  purpose  of  this  presentation 
is  to  discuss  the  production  of  fluid  amplifiers  by  optical  fabrication 
techniques.  Production  of  a  difficult  product  has  been  demonstrated 
with  a  proven  process  in  a  material  which  is  uniquely  suited  to 
durable  and  reliable  systems. 

In  introduction,  It  should  be  pointed  out  that  a  substantial  part 
of  the  work  leadtng  to  this  discussion  has  been  sponsored  by  the 
Diamond  Ordnance  Fuze  Laboratories,  and  that  all  of  the  fluid 
amplifier  designs  discussed  were  submitted  by  DOFL  personnel. 

It  is  generally  conceded  that  if  the  theoretically  so'.ni  concept 
of  pure  fluid  systems  is  to  become  a  factor  in  the  ccnLcol  and 
computation  industries,  an  economical  manufacturing  process  must 
be  developed.  Complex  designs,  such  as  Che  DOFL  Test  Pattern  shown 
in  Figure  I,  are  not  readily  fabricated  by  high  speed  mechanical 
machining  methods. 


FIGURE  I 

DOFL  Test  Pattern  -  Average  nozzle  size  approx¬ 
imately  0.020" 
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The  problem  is  further  complicated  by  the  fact  that  highly  min¬ 
iaturized  devices  such  as  the  reproduction  of  the  test  pattern  in 
the  sii^e  shown  in  Figure  II  are  a  prerequisite  to  maximum  component 
density  and  minimum  system  power  consumption. 


FIGURE  II 

DOFL  Test  Pattern  -  Average  nozzle  size  approx¬ 
imately  0.005" 

Nozzies  as  small  as  five  by  twenty  thousandths  of  an  inch,  such 
as  the  one  shown  in  Figure  III,  compared  to  a  human  hair,  at  fifty 
times  actual  size,  must  be  readily  and  precisely  reproducible  in  a 
material  which  is  durable  and  thermally  stable,  and  which  can  be 
processed  at  a  cost  which  will  permit  competition  with  established 
electronic  and  mechanical  devices. 


FIGURE  III 

SO  X  magnification  of  cross  section  of  nozzle 
chemically  machined  in  Fotoform  glass  and  compared 
to  a  human  hair. 
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Perhaps  the  most  difficult  step  encountered  to  aate  in  rhe  fabrication 
of  liigh  density  fluid  systems  is  the  asser.ibly  of  a  multiple  of  min* 
iaturited  sub-plates  containing  active  elements,  through-holes  and 
crots-over  channels.  Designs  must  be  reproduced  precisely  to  permit 
accurate  registration  of  the  through- ho le s ,  and  any  leakage  of  fluid 
within  the  system  would  quite  probably  render  it  useless.  Not  only 
Is  It  necessary  to  guarantee  the  seal  at  fabrication,  it  must  be 
guaranteed  for  the  life  of  the  device. 

Digital  type  devices  will  not  function  if  a  short  circuit  e;:ists 
between  the  power  nozzle  and  either  of  the  control  channels;  and 
in  truly  miniaturized  systems,  the  partition  separating  these 
nozzles  would  not  be  over  .010"  wide.  Assembly  mubt  be  such  that 
the  systems  will  operate  for  years  without  the  fear  of  a  seal 
failure  due  to  the  loosening  of  bolts,  the  deterioration  of  gaskets, 
ur  the  warpage  and  shifting  of  the  laminated  plates  under  thermal 
stress. 


Fabrication  Techniques: 

The  proresf;  for  making  Fotoform  plates  consists  essentially  of  two 
steps:  optical  reproduction  and  chemical  machining.  Any  design, 
no  matter  how  complex,  wnich  can  be  drawn  in  black  and  white  and 
photographed,  can  be  reproduced.  Light  is  passed  through  a  standard 
negative  into  a  sensitized  glass  plate  which  Is  then  subjected  to  a 
thetuial  developilient  cycle.  The  e>.pubed  put'Liuii  ib  Liaiibfucmeu  into 
a  crystalline  phase  which  i.?  appro.'cimately  twenty  times  more  soluble 
in  dilute  hydroflouric  acid  than  the  base  glass.  Since  the  rate  of 
solution  of  the  crystalline  uaterial  is  known,  it  is  possible  to 
machine  to  accurate  depth  by  regulating  the  length  of  time  the  pattern 
is  exposed  to  the  acid. 

Miniaturization  of  the  patterns  can  be  accomplished  optically  by 
simply  reducing  the  negative,  and  design  modifications  can  be  made 
on  the  art  work  without  fear  of  disturbing  the  acceptable  portion 
of  the  circuit. 

One  of  the  really  outstanding  features  of  the  process  relative  to 
the  fabrication  of  ths  complex,  miniaturized  fluid  systems  Is  the 
ease  with  which  through-holes  can  be  Introduced  Into  the  plates 
for  interconnection  to  cross-over  channels  and  other  circuits  in 
a  multi-layer  laminated  .system.  The  glass  can  be  passed  completely 
through  the  process  more  than  once;  and  It  Is,  therefore,  possible 
to  process  the  place  first  with  only  the  holes,  and  chemically 
machine  them  entirely  out.  The  circuit  pattern  may  Chen  be  super¬ 
imposed  on  Che  hole  pattern,  developed,  and  chemically  machined  Co 
Che  desired  depth. 
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Due  to  the  time  constimlng  thermal  developiiieiit  cycle,  the  procesb 
time  is  appro;;iinately  twelve  hours  from  art  work  to  the  finished 
piece;  but  in  quantity  production,  continuous  lehrs  are  used  and 
an  economical  rate  can  be  maintained. 

ror  applications  where  e.'^treine  eiivirunmental  conditions  of  shock 
or  heat  will  be  encountered,  it  is  possible  to  convert  the  entire 
machined  plate  to  a  ceramic  phase.  This  conversion  is  accomplished 
by  flood  exposing  Che  entire  plate  and  then  passing  it  through  a  some¬ 
what  hotter  thermal  cycle  than  that  used  to  develop  the  pattern.  The 
resulting  ceramic  material  is  three  times  as  strong  as  the  glass,  and 
will  maintain  its  shape  at  temperatures  as  high  as  300*^0. 

Although  not  directly  associated  with  optical  fabrication  of  fluid 
.systems,  it  should  be  noted  that  both  Futoforn  and  Fotoceram  pieces 
are  capable  of  being  fuzed  together  into  a  monolithic  structure  at 
temperatures  which  will  not  destroy  the  basic  patterns  In  Che  machined 
plates.  This  property  of  glass  makes  it  possible  to  seal  any  number 
ul  plates  so  effectively  that  they  become  a  solid,  honeycombed  mass 
which  cannot  be  mechanically  separated. 

Although  the  process  of  Chernal  lamination  precludes  the  possi¬ 
bility  of  disassembly  of  components  for  repair,  it  also  sub¬ 
stantially  lessens  Che  likelihood  of  the  laminated  plates  separating 
under  the  most  e.xtreme  operating  conditions.  In  answer  Co  Che 
obvious  question,  if  the  systems  should  show  a  tendency  Co  become 
fouled  with  ..oreigu  matter,  any  material,  with  the  exception  of 
glass,  can  be  removed  from  the  nozzle  areas  by  flushing  the  entire 
system  with  an  appropriate  solvent,  and  this  can  be  done  in  less 
time  Chau  would  be  required  to  disassemble,  clean,  and  reseal,  and 
with  more  assurance  of  success. 

The  final  step  in  Che  fabrication  of  such  a  system  is  the  attachment 
of  the  inlet  and  outlet  part  to  the  device.  Since  these  component 
devices  must  be  readily  assembled  and  disassembled  in  the  field, 
thermal  fusion  is  not  possible,  but  glass  to  metal  sealing  has  been 
ueveloped  to  the  point  that  high  temperature  metal  tubes  with 
adapters  to  any  standard  tubing  system  can  be  firmly  attached 
during  fabrication. 


Fotoform  and  Fotoceram  Materials: 

Although  glass  is  generally  considered  to  be  a  fragile  material 
which  must  be  handled  with  extreme  caution,  it  becomes  one  of  the 
most  durable  materials  known  when  properly  utilized. 
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it  will  :naintain  its  integrity  under  extreme  corrosion,  vibration 
and  thermal  conditions,  and  when  converted  to  the  ceramic  phase, 
will  withstand  relatively  high  levels  of  impact. 

A  Fotoceram  fluid  system  will  retain  its  shape  at  temperatures 
in  excess  of  bOO°C,  and  If  thermally  laminated,  heat  will  tend 
to  strengthen  the  seal,  rather  than  weaken  it.  Both  the  glass 
and  the  ceramic  are  impervious  to  most  liquids  and  gases,  are 
not  affected  In  this  application  by  nuclear  radiation,  and  are 
dimensionally  stable  over  long  periods  of  operation. 

Single  Fotoform  plates  which  have  been  etched  to  a  substantial 
depth  are  admittedly  weak  and  must  be  handled  with  a  reasonable 
amount  of  care,  but  single  plates  are  used  primarily  for  develop¬ 
ment  and  testing,  and  the  addition  of  each  plate  to  a  laminated 
system  substantially  increases  its  strength. 


Dimensional  Tolerances: 

Almost  the  entire  history  of  the  process  for  making  Fotoform 
products  has  been  associated  with  products  requiring  only  through 
etching,  in  which  the  entire  pattern  Is  removed  by  machining 
from  both  sides  bimultaneously.  As  a  result  of  this,  limited 
data  are  available  to  establish  dimensional  tolerances  for 
partially  machined  fluid  amplifier  patterns. 

Efforts  are  underway  to  establish  tolerances  for  fluid  ampli¬ 
fiers,  and  these  will  be  discussed  later.  For  the  present,  it 
can  be  said  that  dimensions  are  generally  being  held  as  well  as 
or  better  than  in  the  standard  process. 

For  the  standard  process,  holes  and  channel  widths  up  to  1/4" 
are  maintained  to  £  .001",  and  diameters  and  widths  between  1/4" 
and  1"  are  held  to  £  .002".  Center  to  center  dimensions  are 
held  within  £  .003"  in  a  3"  x  3"  plat:,  and  the  tolerance  main¬ 
tained  in  depth  control  is  £  .002"  throughout  a  5"  x  5"  plate. 

In  general,  no  dimension  should  vary  by  more  than  .002"  from 
the  target  value,  and  in  miniaturized  systems  variations 
from  element  to  element  are  substantially  less  than  .002", 
and  within  a  given  element  are  measured  in  ten  thousandths. 

For  example,  the  noz:'le  shown  in  Figure  III  v/htch  was  selected 
completely  at  random  from  one  of  several  elements  fabricated 
for  testing,  was  intended  to  be  .003"  wide,  and  .020"  deep, 
with  a  nozzle  area  of  .0001  square  Inches.  As  fabricated,  it 
measures  .0043"  at  the  bottom,  .0062"  at  the  top,  and  .0193" 
in  depth.  The  actual  area  is  .000103  square  Inches,  or  approx¬ 
imately  three  per  cent  from  the  intended  area.  Measurements  made 
on  the  other  two  nozzles  of  this  bl-s table  device  show  no 
variations  over  .0002"  in  any  dimension. 
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These  tolerances  are  for  Fotoforni  materials  only,  and  cannot  be 
extrapolated  to  sizes  over  5"  x  5".  During  the  thermal  cycle 
used  to  convert  to  Fotocerara  material,  temperatures  are  reached 
which  pen.iit  so  le  sacrifice  of  dimensional  control  during  ceraming. 
Dimensions  within  an  element  are  reasonably  stable,  but  center  to 
center  tolerances  for  spacing  over  three  Inches  might  approach 
/  .OOo". 


The  thicl;est  glass  sheet  currently  available  is  1/4",  and  there¬ 
fore,  the  tliickest  plate  which  can  be  made  is  somewhat  less  than 
this.  With  simple  patterns  which  can  be  chemically  machined 
completely  through  the  glass  w..thout  any  segments  becoming  de¬ 
tached,  it  is  possible  to  etch  several  Identical  patterns  entirely 
through,  and  srack  the  plates  one  upon  the  other  to  an  almost 
unlimited  depth.  For  all  practical  purposes,  however,  the 
maximum  depth  to  which  the  pattern  can  be  recessed  is  about  0.123". 

As  previously  stated,  the  rate  of  solution  of  the  crystalline 
material  Is  appruxiuiately  twenty  times  that  o£  the  glass,  and 
this  means  that,  for  every  .020"  of  depth,  the  surface  side 
walls  will  etch  away  .001".  This  results  in  side  wail  taper  of 
approximately  three  degrees  in  all  nozzles,  channels,  and  holes, 
and  places  certain  limitations  on  pattern  design. 

Referring  to  Figure  IV,  which  is  a  DOFL  Pattern  designed  to 
determine  the  extent  of  these  limitations,  several  facts  are 
immediately  obvious. 


FIGURE  IV 

DOFL  Test  Pattern  used  to  establish  fabrication 
process  limitations. 
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Ill  tlie  case  o£  tlie  iiarrow  glass  partitions  separating  the 
machined  out  rectangle'',  the  .001"  and  .002''  walls  disappear 
almost  as  rapidly  as  the  pattern,  and  the  .005"  wall,  which 
is  inadequate  for  sealing  as  is,  Uoes  not  last  much  longer. 

The  .010"  paitition  is  marginally  adequate  for  the  shallow 
miniaturized  systems’,  but  for  ail  practical  purposes,  it  is 
necessary  to  separate  all  channels  whic'n  operate  under  a 
pressure  differential  by  a  partition  .020"  wide.  Obviously, 
the  same  situation  is  true  for  any  posts  which  might  be 
desired  in  open  areas. 

Nozzles  must  be  designed  at  least  .010"  longer  than  necessary, 
because  they  will  erode  from  both  the  interaction  chamber 
side,  and  the  nozzle  chamber  side.  In  the  pattern,  the  tv/o 
extremely  small  nozzles  disappeared  almost  immediately,  and 
the  small  nozzles  on  the  opposite  side  of  the  chair, ber  soon 
lost  their  identity. 

1  hf:  most  difficult  area  to  compensate  for  is  that  of  the 
sharp  v;edges,  used  as  splitters.  As  th'^  pattern  is  dissolved, 
the  wedge  is  actaci-.ed  from  both  sides  as  well  as  the  leading 
edge  and  so'o.j  loses  its  shape.  If  possible,  sliarp  protruding 
angles  must  be  avoided,  bur,  wiien  essential,  they  can  be 
obtained  by  designing  a  radius  on  the  end  of  the  wedge  which 
is  calculated  to  disappear  at  the  desired  depth. 

Narrow  channels  and  small  holes  also  present  somewhat  of  a 
problem.  In  order  for  the  cheriiral  machining  process  to  tahe 
place,  it  is  necessary  to  maintain  a  supply  of  fresh  acid  at 
the  interface.  With  the  long  narrow/  channels,  and  the  very 
small  holes,  this  is  not  possible;  and  the  erosion  rate  is 
markedly  reduced.  Blind  holes  and  channels  with  a  width  of 
less  than  .010"  will  lag  in  depth. 

The  .003"  nozzle  maintained  the  desired  rate  because  it  is 
e.iposed  on  two  sides  to  relatively  large  chambets  which  permit 
the  free  tlow  of  acid  through  the  nozzle  opening. 

To  date,  no  process  Imitations  have  been  encountered  which 

mnef  hf*  nvt*rrnri«*  hv  ma  if. r  HeKiwn  rhanops. 


Design  Tolerances: 

An  extensive  program  is  underway  to  determine  the  effect  of 
process  variations  on  fluid  amplifier  performance  so  that 
improvements  can  be  made  to  better  adapt  the  process  to  the 
production  of  pure  fluid  systems. 
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Several  proi^or tional  pressure  amplifiers  of  a  design  supplied 
by  DOFL  personnel  were  fabricated  over  a  period  of  time  by 
different  teclmicians  to  establish  a  group  of  devices  repre- 
seiuarlve  of  the  process.  These  underwent  exhaustive  testing. 
The  procedure  was  repeated  with  a  digital  memory  device,  also 
d«sl„ned  by  DOFT., 

Ten  of  each  of  these  devices  were  selected  at  random  and  com¬ 
plete  dimensional  data  were  taken  on  a  traveling  stage  optical 
co...pat.  'or  capable  of  measurement  to  a  few  ten  thousandths  of 
an  incii.  Those  measurements  were  listed  in  order  of  magnitude 
to  permit  rapid  correlation  with  performance  data. 

In  addition,  traces  of  surface  contour  and  roughness  were 
geiit-raCed  on  a  proficordcr  and  listed  in  order  of  magnitude 
for  the  same  purpose. 

Glass  cover  plates  were  sealed  to  the  units  both  mechanically, 
witli  various  types  of  gaskets,  and  seTii-permmncntly  with  epoxy 
cex.eat  until  it  was  found  that  better  reproducibility  frora 
seal  to  seal  could  be  obtained  with  the  latter  method.  Thermal 
sealiut,  c£  the  cover  plate  was  not  employed  because  the  per¬ 
manent  nature  of  such  a  seal  does  not  permit  disassembly  of 
the  device  after  te.seiag  tor  inspection. 

Standard  static  testing  devices,  including  manometers,  labor¬ 
atory  type  Lest  gauges,  rota  meters,  pressure  transducers, 
and  X-Y  type  recorders  were  installed,  and  procedures  were 
established  for  Che  generation  of  curves  which  would  be  rep- 
resantative  of  the  device,  as  well  as  the  design,  and  which 
could  be  used  to  establish  relative  levels  of  operation  for 
comparison  with  fabrication  process  variables. 


Proportional  Pressure  Amplifier  Performance; 

Figure  V  includes  a  silhouette  of  the  propurtional  device,  a 
normalized  curve  representing  the  test  data,  and  a  surisnary  of 
test  conditions. 

The  device  was  fabricated  exactly  as  shown,  with  relief 
holes  completely  through  the  units  centered  in  the  circular 
.ir«ps  just  dovmstream  of  the  control  nozzles.  The  power 
nozzle  is  nominally  .0?.0"  wide,  and  ,060"  deep,  and  the 
control  nozzles  and  receiver  apertures  arc  .030"  wide  and 
.060"  deep. 
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FIGURE  V 

SlUiouertv  of  proportional  pressu»‘p  pain  amplifier 
and  chart  showing  range  of  pressure  gain  curves 
for  ten  units. 

For  purposes  of  this  comparison  it  was  decided  to  generate  a 
curve  of  control  pressure  differential  vs.  output  pressure  dif¬ 
ferential,  the  slope  of  which  is  the  pressure  gain  of  the  unit 
for  the  particular  set  of  fi::ed  conditions  chosen. 
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Power  jet  pressure  (P  •,)  was  sot  at  5  psi^;,  and  the  left  con¬ 
trol  jet  (I’ci)  was  set  at  0 .  Wl)  psig.  The  right  control  jet 
Per  was  driven  from  0  psig  to  1  psig.  Back  pressure  was 
developed  in  the  output  legs  by  placing  restrictions  of  an 
area  equivalent  to  the  area  of  the  receiver  apertures  do\m- 
stream.  Air  was  used  as  the  fluid. 

Ten  pressure  gain  curves  were  generated,  and  values  of  output 
pressure  differential  were  determined  for  different 

values  of  control  pressure  differencial  ‘  '^hese 

values  were  normalized  by  dividing  by  the  power  jet  pressure, 
and  plotted.  The  outside  points  were  connected  resulting  in 
the  broad  curve  shown.  All  of  the  curves  were  not  parallel 
to  these  lines  and  a  pressure  gain  range  of  4.3  to  5.7  is 
represented . 

The  volume  of  dimensional  and  surface  roughness  data  taken  is 
such  that  it  is  not  practical  to  Include  a  complete  analysis. 
However,  the  power  nozzle  variables  listed  in  Table  I  are 
representative  of  the  units  tested,  and  clearly  show  the 
lack  of  correl.Ttion  between  the  process  variables  and  the 
pressure  gain. 


table  I 

Proportional  Pressure  Amplifiers,  A  Summary  of  Pressure 


Cain,  Dime 

inslwLal  and 

Surface 

Roughness  Data. 

Power  Nozzle 

Diirieasions  in  inches 

Average  Roughness 

Width 

in  micro 

inches 

Unit 

Gain 

Top  . 

Bottom 

Average 

Depth 

Sidewall 

Bottom 

390 

5.5 

.0230 

.0185 

.0203 

.060 

124 

18 

509 

5.1 

.0239 

.0199 

.0219 

061 

105 

14 

393 

5.0 

.0238 

.0188 

.0213 

.063 

89 

16 

396 

4.9 

.0237 

.0185 

.0213 

.060 

90 

15 

393 

4.9 

.0236 

.OIBH 

.0212 

.060 

102 

O 

4» 

394 

4.8 

.0238 

.0185 

.0211 

.062 

93 

19 

399 

4.7 

.0235 

.0191 

.0213 

.060 

100 

9 

494 

4.6 

.0238 

.0202 

.0220 

.061 

94 

12 

395 

4.4 

.0234 

.0188 

.0211 

.060 

105 

3 

508 

4.3 

.0237 

.0204 

.0220 

.061 

92 

10 
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As  indicated,  the  unit  is  sliyhtly  unbalanced,  and  a  control 
pressure  differential  in  the  range  of  .03  pounds,  or  0.6*4  of  the 
power  jet,  is  required  for  balancing.  Throughout  the  central  area 
of  the  curve  the  range  of  control  pres.'^ure  differential  for  the 
ten  units,  required  to  establish  a  given  output  pressure  dif¬ 
ferential,  was  under  2/i  of  the  power  nozzle  pressure  or  less 
chan  0.1  pound. 

Even  though  all  ten  of  the  devices  behave  quite  similarly, 
it  is  not  possible  to  establish  a  relationship  between  perfor¬ 
mance  and  process  variables  and  there  is  apparently  a  varia¬ 
tion  in  assembly  technique  which  is  over-riding  dimensional 
and  surface  variations. 

Bi- Stable  Amplifier  Performance: 

Figure  VI  includes  a  silhouette  of  the  bi-stable  device, 

curvi-s  representing  the  test  data,  and  a  summary  of  test  conditions. 

The  device  was  fabricated  as  shown,  i^ith  all  three  nozzles 
.020"  wide,  and  .003"  deep.  The  receiver  aperture  areas  are 
0  )00"  wide,  and  .083"  deep. 

For  purposes  of  comparrson  it  was  decided  to  plot  the  control 
pressure  differential  required  for  switching  against  power  jet 
pressure . 

With  the  left  Jet  (C^^)  open  to  the  atmosphere,  equal  resistance 
applied  to  the  output  legs  and  0,.) ,  and  the  stream  locked 
to  the  right  wall,  the  right  control  jet  was  increased  until 
the  device  switched.  This  procedure  was  repeated  at  I  pslg 
increments  of  power  Jet  pressure  (Fj)  from  1  psig  to  11  pslg. 

All  of  the  points  were  plotted,  and  the  extreme  points  were 
again  connected  to  show  the  range.  In  this  case,  however,  the 

curves  differed  in  slope  only,  and  did  not  cross  as  in  the 

case  of  the  proportional  units. 

As  indicated,  the  range  of  control  pressure  differential 
required  for  switching  increased  from  .04  pounds  at  a  power 
jet  pressure  of  one  pound  to  0.34  pounds  at  a  power  Jet  pressure 
of  eleven  pounds,  and  substantial  room  for  improvement  exists 
at  the  higher  pressures.  However,  when  the  control  differential 
values  are  reduced  to  a  percentage  of  the  power  jet  pressure, 

as  was  done  in  the  lower  curve,  it  can  be  seen  that  the  control 

pressure  differential  required  to  switch  one  pound  of  power 
jet  pressure  remains  quite  cc.istant,  and  that  all  ten  of  the 
units  fall  within  a  range  of  4%  of  the  power  Jet  pressure. 

No  correlation  can  be  established  between  fabrication  process 
variables  and  performance  variables  with  these  devices,  as  was 
the  case  with  the  proportionals,  and  again  it  appears  that  there  is 
an  over-riding  variable  which  must  be  detected  and  eliminated. 
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BISTABLE  AMPLIFIERS 
CONTROL  DIFFERENTIAL 
REQUIRED  TO  SWITCH 
AS  A  FUNCTION  OF 
POWER  JET  PRESSURE 

Pci*  •  ttw 

DATA  TAKEN  FROM 

TESTS  OF  10  AMPLIFIERS. 


FIGURE  VI 

Silhouette  o£  Bi-stable  amplifier  and  chart  showing 
range  u£  control  pressure  differential  required  for 
switching.  Data  taken  from  ten  units. 

Conclusion: 

Optical  fabrication  techniques  make  possible  the  fabrication  of  tne 
extremely  complex  patterns  associated  with  pure  fluid  systems,  and 
the  availability  of  Fotoform  glass  raaUes  it  possible  to  fabricate 
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these  systems  in  a  niateciai  which  is  durable,  stable,  and  can  be 
fuzed  Into  a  monolithic  structure  which  cannot  be  separated  at 
the  seal  to  permit  short  circuits. 

Fabrication  techniques  have  been  developed  to  the  point  that 
process  variations  in  the  sub-platcs  have  less  of  an  effect  on 
performance  than  assembly  variations,  and  the  total  variation 
has  been  reduced  to  the  point  that  economic  production  of  pure 
fluid  systems  will  become  a  reality  as  soon  as  adequate  func¬ 
tional  desi{^ns  become  available. 

Any  fears  chat  fabrication  costs  will  retard  Che  entry  of  fluid 
systems  into  the  control  and  computation  markets  should  be 
quickly  dispelled  by  the  fact  that  the  process  and  equipment 
used  Co  fabricate  complete  fluid  amplifier  plates  are  in  use 
every  day  supplying  Che  electronics  industry  with  circuit  boards 
for  mounting  expensive  components. 
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ABSTRACT 


Optiform  is  a  low-cost,  fast,  production  technique  for  machining  con¬ 
stant-depth  Pure  Fluid  Systems  in  plastic.  The  optical  machining  is  accom¬ 
plished  by  usinq  a  master  silhouette  to  define  the  areas  of  a  conditioned  sheet 
of  plastic  which  are  exposed  to  ultraviolet  light  and  consequently  polymerized. 
The  ur.exposcd  areas  remain  soft  and  are  washed  away  using  a  sodium  hydroxide 
solution.  From  the  cterdpoint  of  Pure  Fluid  Systems,  Optiform  has  limitations 
as  to  maximum  temperature  (ISO^F)  and  minimum  size  ol  components  which  can 
be  processed  as  a  production  line  product,  i.e, ,  with  limited  Inspection.  The 
basic  circuit  plate  is  assembled  witli  a  transfer  plate  and  a  manifold  plate  to 
provide  a  rugged  package  having  a  thick  aluminum  surface  front  and  rear  and 
can  be  further  protected  by  addition  of  an  aluminum  channel  like  a  picture 
frame  to  protect  the  edges  of  the  assembly  where  the  plastic  edge  is  exposed. 
Standard  Clippard  fittings  tapped  into  the  aluminum  base  plates  provide  an 
easy  means  for  connecting  the  system  inputs  and  outputs  to  auxiliary  equip¬ 
ment.  With  Optiform  and  a  file  of  silhouettes  of  components  of  known  perform¬ 
ance  characteristics,  one  can  assemble  a  pure  fluid  control  system  at  the 
drawing  board  with  high  probability  that  the  first  of  the  resulting  low-cost, 
short-lead-time  production  models  will  function  properly. 

INTRODUCTION 


Optiform  is  a  lew  cost  process  for  machining  constant-depth  forms  in 
plastic.  It  has  been  developed  specifically  for  production  of  Pure  Fluid 
Systems.  The  plastic  can  be  used  with  most  gases  and  fluid  hydrocarbons  (but 
not  with  water)  as  a  working  fluid.  The  paper  covers  the  following  points; 

What  is  Optiform? 

How  is  the  Optical  Machining  Accomplished? 

What  are  the  Limitations  from  the  Standpoint  of  Pure  Fluid  Systems  ? 
How  does  an  Optiform  Plate  Become  as  Assembled  Pure  Fluid  Control 
System? 
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WHAT  IS  "OPTIFORM  "  ? 


Optiforrn  is  a  low-cost  process  for  machining  constant-depth  forms  in 
plastic.  It  is  suitable  for  production  of  Pare  Fluid  Systems.  The  plastic  can 
be  used  with  gases  and  tluid  hydrocarbons  but  is  not  recommended  fui  use  with 
water  as  the  working  fluid. 

The  raw  material  is  a  DuPont  photopolymer  widely  used  in  the  printing 
industry  under  the  trade  name  of  Dycril*.  The  printing  industry  process  is  not 
suitable  for  Pure  Fluid  Components  or  Systems  because  the  resulting  sidewall 
slopes  are  excessive  and  there  is  wide  variation  in  channel  depth.  The  Opti- 
form  plates  are  designed  for  use  in  Pure  Fluid  Systems.  The  raw  material  is 
available  bonded  to  aluminum  or  steel  in  several  thicknesses  and  sizes;  however, 
we  have  standardized  on  one  class  for  the  present  time.  The  standard  Optiforrn 
platers  a"x  12  "x  .15(1".  The  .150"±  .  002 "  thickness  includes  .042"+  .002" 
of  plastic,  an  adhesive  layer,  and  a  .100"  tnick  aluminum  base  plate. 


HOW  IS  THE  OPTICAL  MACHINING  ACCOMPLISHED? 


Four  Steps  of  the  Process 


Conditioning 

The  plate  is  first  conditioned  in  a  controlled  atmosphere  to  establish 
the  plastic  sensitivity  to  ultraviolet  light  as  a  function  of  depth  (Fig.  la). 


Setup  and  Exposure 

Next  the  "master  silhouette" 
Is  clamped  to  the  unexposed  plate 
in  a  vacuum  frame  and  the  assembly 
is  exposed  to  ultraviolet  light  (Fig. 
lb).  The  silhouette  areas  which 
are  clear  permit  the  ultraviolet  light 
to  irradiate  the  plastic  and  poly¬ 
merize  it  so  that  those  areas  be¬ 
come  hard.  The  silhouette  areas 
which  arc  opaque  shadow  the  plastic 
so  that  those  areas  remain  soft. 


Fig.  I  OPTIFORM  "a"  PROCESS 


*  Donald  B.  Hurd,  Printing  Plate  Laboratory,  E,  I.  DuPont  De  Nemours  and  Co.,. 
Photo  Products  Department,  1309  Noble  Street,  Philadelphia,  Pennsylvania 
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Next  the  exposed  plate  is  sprayed  with  a  sodium  hyuro.dde  solution  to 
remove  the  soft  unexposed  plastic  and  thus  create  the  desired  channels  (I’iq. 
Ic). 

Drying  and  Post  Hardening 

Finally  the  washed  plate  is 
air  dried  and  further  exposed  to 
ultraviolet  light  so  as  to  achieve 
maximum  strength  and  hardness 
of  the  remaining  plastic  (Fig,  Id), 

Figure  2  presents  curves  eased  on 
vF'y  limited  data  showing  how  the 
plastic's  strength  is  affected  oy 
temperature  and  humidity.  We 
recommend  use  of  this  plastic 
below  150°F.  Shon  quality  air  is 
acceptable  as  a  working  fluid  as 
arc  most  gases  and  fluid  hydro¬ 
carbons.  While  we  have  operated 
Optiform  systems  for  short  periods 
using  Vv'ater  as  a  working  tluio,  we 
do  not  recommend  such  use  for 

extended  periods  of  time  as  the  plastic  appears  to  soften,  swell,  and  lose 
strength. 
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Fig  2  effect  of  temperatupe  ano  humidity 

ON  THE  PHOTOPOLYMER  PLASTIC 


The  Master  Silhouette 


Preparation 

Conventional  automated  machine  tools  use  punched  tape,  magnetic 
tape  and  punched  cards  as  a  control  to  establish  the  machined  product  contour. 
Similarly,  in  optical  machining  a  slide  or  silhouette  is  used  as  the  control. 
After  Oiie  develops  a  component  of  known  performance  characteristics,  its 
silhouette  can  be  duplicated  (large  scale)  photographically  or  on  an  ozalld 
macliirw  using  clear  tran.sparent  stable  base  film.  With  time,  a  file  of 
silhouettes  of  such  components  is  readily  established  and  can  be  used  to 
construct  the  silhouette  of  a  desired  system  on  the  drawing  board.  Inter¬ 
connections  can  be  inked  in  and  the  large  sccile  system  silhouette  is  then 
ready  to  be  photoreduced  by  a  precision  process  to  provide  a  full-scale 
mastci  silhouette. 
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Example 

Figure  3  shows  the  sil¬ 
houette  of  a  standardized  binary 
counter  stage  component  and  the 
'ilhouctto  of  a  suh.sysfon  *lt 
up  from  such  standard  s  .ouettes 
of  components  as  described  above. 

Suitable  Material 

"he  final  full  scale  sil¬ 
houette  must  be  on  a  material  which 
is  suitable  for  the  production  line. 

The  Kodak  Autooositive  film  on 
.004"  clear  estar  base  is  a  suitable  '^‘9-  3  ^ULTI  STAGE  BINARY  COUNTER 

material  for  an  Optiform  process 

"master  silhouette.  "  This  film  is  matched  to  the  "Optiform  Process  A"  pro¬ 
duction  line.  The  transparent  aieas  tiansmit  the  correct  amount  of  ultraviolet 
light  and  the  opaque  areas  are  properly  opaque  in  the  ultraviolet  spectrum. 

inis  transparency  is  the  "suitable  master  silhouette"  which  should  be 
furnished  in  a  standard  10"  x  12"  size  for  production  of  a  standard  9"  x  12" 
Optiform  plate. 

WHAT  ARE  THE  LIMITATIONS  FROM  THE  STANDPOINT  OF  PURE  FLUID  SYSTEMS? 


Pei  fort'idnre 

First,  it  is  emphasized  that  this  process  has  been  used  to  make  working 
pure  fluid  components  and  systems.  Some  comparison  and  performance  data 
are  presented  In  the  papers  of  Humphrey-Metzger,  Dexter,  and  Bauer  which 
arc  part  of  this  symposium.  Units  are  undergoing  operation  life  tests.  The 
output  wave  form  of  a  logic  element  Is  being  monitored  and  has  shown  no 
change  in  ever  70  raillion  cycles.  No  change  is  anticipated. 

Changes  in  silhouette  are  sometimes  necessary  in  making  a  transition 
from  a  machined  model  to  an  Optiform  model.  In  particular  such  changes  may 
be  necessary  if  the  aspect  ratio  (nozzle  height  «•  nozzle  width)  is  different 
in  the  two  models.  To  bypass  such  effects  wc  new  do  almost  all  of  our  experi¬ 
mental  work  using  Optiform  models,  cutting  away  material  and  filling  with  clay 
to  make  q-'lck  contour  changes.  When  the  final  design  is  reached,  a  photo¬ 
graph  is  taken  to  use  as  a  guide  in  drawing  the  master  silhouette.  As  would 
be  expected  there  are  limitations  as  to  v/hat  configurations  can  be  repeatibly 
reproduced  by  the  process.  These  are  discussed  later.  The  overall  Optiform 
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procpss  is  a  coinproin'se  oased  on  the  performance  characteristics  of  beam 
deflection  type  pure  fluid  amplifiers.  Some  component  desiyns  may  be  more 
criti  al  dimen sion-v/ise  than  those  already  tested  even  t.hough  they  have  the 
same  sc?le.  Thoreforr  wc  cannot  say  Optlform  is  suitable  for  every  type  pure 
fluid  element.  We  can  say  that  Optlform  has  been  suitable  foi  the  pure  fluid 
components  we  have  tried,  wherein  the  acceptability  is  based  on  performance 
as  a  fluid  component. 


Tolerance 


Standards 

Let  us  consider  each  dimensional  tolerance  which  affects  performance 
and  assign  numbers  to  these  tolerances.  This  has  advantages  when  one  must 
make  a  transition  from  one  production  technique  to  another.  In  a  pure  fluid 
component  the  critical  regions  from  a  performance  standpoint  are  associated 
primarily  u’lth  characteristics  of  tlie  nozzles,  interaction  region,  and  divider 
leading  edges  (Figuieb  4  and  5).  In  the  following, two  numerical  values  are 
presented  for  each  physical  characteristic  which  currently  appears  to  be 
importai.t.  In  each  case  the  value  A  represents  the  current  evaluation  of 
reliable  repeatability  for  Optifonn  Process  A  and  the  value  B  represents  an 
idealized  gcncialized  goal,  i.c  . ,  if  we  had  such  a  capability  we  would  not 
feel  justified  in  spending  money  to  further  improve  the  process  based  on  what 
we  currently  know  and  forcast  about  pure  fluid  systems.  This  does  not  mean 
that  the  "B"  values  are  required  by  Pure  Fluid  Syste.ms  but  rather  that  such 
dimensional  control  wculd  open  up  many  additional  areas  of  application.  It 
is  emphasized  that  the  "B"  values  are  only  an  opinion  and  are  not  based  on 
detailed  teste . 

Sidewall  location 

It  Is  necessary  that  one  be 
able  to  predict  sidewall  location  on 
a  basis  of  the  master  silhouette 
dimensions.  It  is  nlso  necessary 
that  sidewall  location  not  vary 
excessively  with  height  above  the 
channel  floor. 

Figure  5  indicates  the  ^'9.^  CROSS  SECTION  OF  FLUID  AMPLIFIER 

character  of  sidewalls  which 
result  from  the  Optifonn  Process 

A. 
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"A''  In  Uptitorm  the  wall  center¬ 
line;  is  displaced  +.001"  from  the 
edge  of  the  opaque  silhouette. 

This  displacement  is  a  character¬ 
istic  of  the  process  and  is  repeat- 
able  as  a  result  of  our  production 
line  quality  control.  If  desired 
one  C9n  9  How  for  this  displacement 
in  the  nozzles  and  critical  areas 
of  the  silhouette.  We  normally 
do  not  compensate  for  this  feature 
when  nozzle  width  is  of  the  order 
of  .020"  because  the  units  can 
be  scaled  undersize  if  desired 
without  hurting  their  performance 
characteristics. 

"B"  In  an  idealized  process  the  v.'aii  centerline  should  be  identified  within 
+  .0001  "  of  the  edge  of  the  opaque  silhouette. 

Deviation  of  sidewall  from  the  vertical 

"A"  The  sidewall  contour  is  subject  to  both  process  effects  and  batch 
effects.  Process  effects  depend  upon  hc'.v  rigidly  the  production  line  is  con¬ 
trolled  and  is  therefore  part  of  the  Optiform  process  control.  Batch  effects 
are  a  function  of  the  raw  material  available  and  are  beyond  control  process. 

For  example,  in  Figure  5,  it  is  illustrated  that  the  sidewall  of  an  Optiform 
channel  will  have  a  .002"  radius  fillet  at  the  root  of  the  wall.  This  is  a 
function  of  the  process.  It  is  also  shown  that  the  Optiform  sidewall  may 
deviate  up  to  +3°  from  the  vertical.  In  such  case  the  root  of  the  sidewall  may 
be  up  to  .001"  closer  to  the  opaque  silhouette  and  the  crest  of  the  wall  up  to 
.001"  farther  from  the  silhouette  than  the  wall  centerline.  In  Optiform  the 
sidewall  does  not  have  a  constant  slope;  however,  by  process  control  we 
maintain  sense  of  the  sidewall  slope.  Sidewall  slope  contour  is  definitely 
also  a  function  of  the  batch  of  raw  material  which  we  receive.  We  have  tested 
batches  wherein  the  sidewall  Is  vertical  within  ±  .OOO.S"  for  a  .042"  wall 
height .  As  the  raw  material  supplier  becomes  better  acquainted  with  the  needs 
of  Optiform  and  the  relationship  of  his  process  controls  to  these  neeas  we 
anticipate  an  improved  final  product.  Batches  which  test  to  less  than  t  .001" 
are  felt  tn  be  acceptable  for  .042"  deep  Pure  Fluid  Systems.  This  is  a  mean 
slope  of  less  than  +3°.  Batches  with  greater  deviation  are  not  accepted  for 
the  Optiform  process. 

"B"  In  an  idealized  process  this  slope  would  be  +1/10°. 
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Fig  5  PROFILE  OF  OPTIFORM  PLATE 


162 


Surface  roughness 


This  is  an  unknown  factor  which  affects  the  character  of  the  boundary 
iayei  flow, 

^idewall_r^ug  h^rie  ss 
"A"  16-63  microinch  in  Optiform  A. 

"B"  C-5  microinch  idealized  goal,  useful  in  laminar  flow  conditions. 

^qti;orn_cf  _c^r^n^l_rou3^ess 
"A"  0-16  microinch  in  Optiform  A 

"B"  0-5  microincn  idealized  goal,  useful  in  laminar  flow  conditions. 

Fillet  radius  at  loot  of  wall 


The  importance  of  a  fillet  at  the  root  of  a  wall  depends  upon  the  aspect 
ratio.  For  large  aspect  ratios  such  a  fillet  has  little  importance;  however,  we 
have  encounterea  measurable  performance  changes  apparently  due  to  slight  full- 
width  fillets  when  using  aspect  ratios  of  8.  These  effects  appear  at  the  extreme 
high  pressure  operating  limit  of  the  device.  In  a  digital  unit  the  result  is  to 
lower  the  maximum  operating  pressure  limit. 

"A"  .002"  maximum  in  Optiform  process  A. 

"B"  .0001"  Idealized  goal. 

Minimum  channel  width;  short  channel 


In  optical  machining  the  minimum  channel  width  is  limited  by  aspect 
ratio,  (channel  depth  t  channel  width).  As  a  rule  of  thumb  one  generally 
avoids  an  aspect  ratio  less  than  two  and  would  like  an  aspect  ratio  of  the  order 
of  foui  la  Ihe  nuzzle  throat.  Such  aspect  ratios  provide  a  jet  which  is  sub¬ 
stantially  two  dimensional  and  which  is  not  spread  unduly  by  top  and  bottom 
wall  friction  within  the  interaction  chamber.  If  the  nozzle  throat  v/ldth  is 
.CIO"  or  greater  no  dirt  problem  is  anticipated  for  shop  quality  air.  With  an 
aspect  ratio  of  four  or  greater  it  may  be  feasible  to  reduce  the  throat  width 
to  .005"  without  a  dirt  problem.  With  a  "clean"  system  nozzle  a  throat  width 
of  .002"  is  of  Interest.  The  area  of  a  component  is  proportional  to  the  square 
of  the  throat  width.  Thus  a  reduction  of  nozzle  width  from  .020"  to  .010" 
Increases  the  component  density  on  a  plate  by  a  factor  of  four.  In  addition 
the  power  consumption  of  a  unit  will  be  reduced  approximately  by  a  factor  of 
two  if  nozzle  width  is  reduced  from  .  020"  to  .010".  All  of  the  above  assume 
no  change  of  channel  depth.  If  the  aspect  ratio  is  keot  constant  than  the 
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volume  density  of  components  is  jjioportional  to  the  cube  of  nozzle  width  and 
power  consumption  per  unit  is  roughly  proportional  to  square  of  nozzle  width. 
System  speed  capabilities  are  roughly  proportional  to  nozzle  width  in  that  the 
distance  over  which  a  signal  must  be  transmitted  is  approximately  proportional 
to  nozzle  width.  Thus  the  minimum  channel  width  is  important  on  a  basis  of 
cost,  weight,  volume,  system  power  requirements,  and  system  speed. 

Figure  6a  illustrates  a  con¬ 
verging  nozzle.  The  dimension  W 
is  the  nozzle  width  and  the  length 
indicated  as  2W  i.s  a  straight 
section  desirable  for  control  of  jet 
direction. 

"A"  For  a  shoil  channel  of  .042 
depth  and  length  2W,  minimum 
width  is  .020"  in  Optiferm  process 
A.  We  have  worked  with  Optiform 
nozzles  down  to  .010"  wide;  how¬ 
ever,  they  do  not  yet  have  the 
repeatability  we  believe  necesscuy 
for  a  production  process. 

"B"  An  idealized  goal  is  W= 

.002".  This  would  permit  a  major 
improvement  in  component  density  and  system  speed.  Pure  Fluid  Systems  have 
a  built  in  cooling  .‘system  and  do  not  encounter  the  heating  problems  often 
associated  with  high  component  density  electronic  packaging. 

Minimum  channel  width;  long  channel 

"A"  For  a  long  channel  of  .042"  depth,  minimum  width  is  .025"  in  Optiform 
process  A.  Narrower  long  channels  sometimes  result  in  spotty  full  width 
fillets  at  the  root  of  the  channel. 

"B"  .0005”  is  an  idealized  goal  uselui  in  precision  resistor  designs. 

Minimum  corner  radius 
^^le_  w^£Le_ 

The  exit  comer  of  a  nozzle  effects  direction  of  jet  flow  and  the  sen¬ 
sitivity  to  control  signals.  If  the  exit  comer  is  very  sharp  it  is  easier  to 
repeat  fluid  performance  characteristics  than  it  is  if  the  comers  are  rounded. 
Thus  from  a  nozzle  exit  standpoint,  see  Figure  6a,  it  is  desirable  that  such 
90°  wedges  have  extremely  sharp  radius  of  curvature  at  the  comer.  The  divider 


b)  WEDGE 


e)WALL  djPOSTaHOLE 

Fig.  6  QUALITY  CONTROL  POINTS 
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nil  the  other  hand  is  normally  a  sharp  male  vedge.  At  sucli  a  sharp  apex  one 
n.'- -unter'-  a  problem  of  structural  strength  and  ability  to  predict  location  of 
the  divider  loading  edge. 

Consequently  while  Optiform  provides  a  male  corner  radius  capability 
of  .'J02"  or  less,  a  sharp  wedge  should  bo  artifically  ’.danced  as  shown  in 
Figure  Gb  it  the  included  angle  oc  is  less  than  30°. 

A  male  wedge  is  illustrated  in  Figure  6b  with  an  apex  blunted  by  a 
flat  "b".  It  is  recommended  that  in  Optiform  Process  A  if  the  male  wedge 
angle  oc  is  less  than  30"^,  a  .010"  bluntness  be  designed  into  the  wedge 
apex.  This  f'cnly  establishes  the  apex  location  and  provides  ample  strength. 

"A"  .002  "  in  Optiform  process  A.  (see  recommendation  above  for  <■  30°). 

"B"  .0001  "  idealized  goal  based  on  .002  "  nozzle  width. 

_rc_nia_ie  wed2e_ 

The  corner  radius  of  a  female  wedge  is  usually  less  critical  in  a  pure 
fluid  system  design.  C,^..ocguentiv  this  capability  has  been  sacrificed  in 
compromising  parameters  of  the  production  line. 

"A"  .010"  minimum  radius  in  Uptilorm  process  A. 

"B"  .00)  "  idealized  goal. 

Minimum  wall  thickness 


Walls  are  used  to  guide  the  flow  of  fluid  and  to  separate  two  channels 
of  different  pressures.  As  wall  Ihickness  is  decreased  the  well  becomes  less 
stable  structurally  and  the  top  surface  becomes  harder  to  seal  against  leaks. 

In  Optiform,  wall  stability  and  location  become  a  problem  before  one  encounters 
poor  top  surface  problems. 


e.  rvi  a  .u'lz  wan  ncighl  the  .015  minimum  or  a  minirnum  wedge 
angle  is  recommended  on  a  general  basis  for  Optiform,  see  Figu'c  6c. 


"B"  .002  "  minimum  is  an  idealized  goal  for  a  structurally  stable  sealable 

wall. 


Minimum  Post  diameter 


Posts  are  used  both  as  support  columns  and  to  establish  particular  flow 
conditions  in  a  system. 
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"A"  For  a  height  of  .042"  we  are  able  to  provide  a  stable  full  height  post 
down  to  a  .012"  minimum  diameter  in  Optiform  process  A. 

"B"  .  OOi  "  diameter  capability  would  be  usefui  for  current  designs. 

Minimum  hole  diameter 


Isolated  small  holes  are  not  used  as  often  as  holes  adjacent  to  and 
connected  with  larger  open  areas.  The  Isolated  full  .042"  depth  hole  is 
indicative  of  such  a  capability. 

"A"  .030"  minimum  diameter  is  recommended  for  Optiform  process  A. 

Smaller  diameters  do  not  always  wash  the  full  depth. 

"B"  .0001"  minimum  diameter  is  an  idealized  goal  based  on  the  .002" 

nozzle  width  goal. 


Physical  properties 


"A"  Optiform  plates  have  serious  limitations.  In  particular,  they  cannot 
tolerate  high  temperature  and  czr.nct,  for  any  length  of  time,  use  water  as  a 
working  fluid  without  change  in  dimension  or  strength.  Figure  2  illustrates 
some  of  the  effects  of  temperature  and  humidity  on  strength  of  the  plastic  used 
for  Optiform  plates.  The  following  physical  properties  are  based  on  very 
limited  data  and  are  approximate  values  for  77°F  and  50%  relative  humidity. 

The  raw  material  supplier  is  assembling  additional  data. 


tensile  strength 
compressive  strength 
compressive  strength  at  yield 
modulus  of  elasticity 
compressive  bulk  modulus 
surface  hardness 
density 

thermal  conductivity 


9,500  psi 
9,500  psi 
9,400  psi 
100,000  psi 
150,000  psi 
D82  to  D86  shore 
.  042  lb/in3 
1.61  BTU  in/hr  ft^  F® 


"B"  The  ideal  material  for  a  pure  fluid  system  depends  upon  the  individual 
application.  A  generalized  ideal  material  does  not  exist;  however,  stainless 
steel  looks  very  good. 


Limitations  on  Idealized  goals 

The  above  capabilities  of  the  Optiform  Process  A  and  the  idealized  goal 
(our  opinion  only)  offei  a  guide  as  to  generalized  dimensional  tolerances  which 
one  might  encounter  in  pure  fluid  systems  work.  They  have  not  beun  firmly 
tied  to  the  component  operating  characteristics.  Indeed  one  component  might 
tolerate  ±  .  1 "  tolerances  in  the  interaction  region  whereas  a  different  type  of 
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component  might  exhibit  an  unacceptable  change  of  characteristics  unless 
tolerances  of  1  .001"  were  maintained.  The  values  presented  are  generalized 
very  broadly  and  should  only  be  used  within  this  limitation. 

HOW  DOES  AN  OPTIFORM  PLATE  BECOME  AN  ASSEMBLED 
PURE  FLUID  CONTROL  SYSTEM? 

Parts 

Figure  /  shows  a  front  and 
rear  view  of  an  Optiform  circuit 
plate.  This  particular  sample  is 
the  result  of  an  exorcise  we  con¬ 
ducted  some  time  ago  to  establish 
the  problems  of  transition  Uo  a 
finished  piece  of  hardware. 

The  as‘<t!!iibled  system  con¬ 
sists  of:  (1)  n  circuit  plate,  (2) 
a  transfer  plate  (having  ‘h"<ugh 
holes  appropriately  located  at  P+ 
locations  to  supply  power  to  each 
element,  and  holes  at  Pq  locations 
to  extract  a  components  output 
signal  for  transfer  as  an  input  to 
another  component  in  the  circuit 
plate,  and  holes  at  the  corresponding  P^  locations  to  insert  control  signals 
being  transferred),  and  (3)  manifold  plate  which  both  distributes  P+  to  the 
correct  transfer  holes  and  provides  channels  which  connect  the  output  signal 
transfer  holes  to  the  appropriate  control  signal  transfer  holes. 

Assembly 

These  three  plates  can  be  assembled  by  clamping  using  gaskets.  Care 
should  hr  rxercised,  os  with  any  plastic  models,  that  the  clamping  pressure 
is  not  so  high  as  to  cause  cold  flow  of  the  plastic.  We  prefer  to  bond  the 
three  plates  together  using  adhesives.  This  avoids  cold  flow  of  the  plastic 
and  we  think  also  provides  a  greater  reliability  than  is  obtained  using  gaskets. 

Connections  to  Other  Equipment 

The  aluminum  backup  plate  is  readily  punched  and  tapped  for  more  con- 
.  ntional  fittings.  We  have  found  that  Clippardhose  fittings*  are  very  suitable 

*  10-32  to  1/0  hose  fitting,  Part  #  11752.  Clippard  Instrument  Laboratory,  Inc., 
7390  Colerain  Road,  Cincinnati  39,  Ohio. 


Fig.  7  FRONT  AND  BACK  OF  OPTIFORM 
CIRCUIT 
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as  input-output  connections  to  either  plastic  tubing  or  rubber  hose  to  connect 
the  assembled  pure  fluid  system  with  other  apparatus. 

The  Final  Package 

The  completed  assembly  presents  a  strong  structure  with  rugged  alumi¬ 
num  exterior  surfaces  except  at  the  edges.  If  desired  a  picture  frame  type 
cii?nnel  can  be  wrapped  around  the  9"  x  1<J"  package  to  protect  all  of  the  plastic 
mateiial  from  external  damage. 


SUMMARY 


Optiforrr.  is  a  low-cost,  fast,  production  technique  for  machining  con¬ 
stant-depth  Pure  Fluid  Systems  in  plastic.  The  optical  machining  is  accom¬ 
plished  by  using  a  master  silhouette  to  deii.ne  the  areas  of  a  conditioned  sheet 
of  plastic  which  are  exposed  to  ultraviolet  light  and  consequently  polymerized. 
The  unexpused  areas  remain  soft  and  are  washed  away  using  a  sodium  hydroxide 
solution.  From  the  standpoint  of  Pure  Fluid  Systems,  Optiform  has  limitations 
as  to  maximum  temperature  (ISO^F)  and  minimum  size  of  components  which  can 
be  processed  as  a  prcauctlon  Unr  product,  i.e.,  with  limited  inspection.  The 
basic  circuit  plate  is  assembled  with  a  transfer  plate  and  a  manifold  plate  to 
provide  a  rugged  package  having  a  thick  aluminum  surface  front  and  rear  and 
can  be  further  protected  by  addition  of  an  aluminum  channel  like  a  picture 
frame  to  protect  the  edges  of  the  assembly  where  the  plastic  edge  is  exposed. 
Standard  Clippard  fittings  tapped  into  the  aluminum  base  plates  provide  an 
easy  means  for  connecting  the  system  inputs  and  outputs  to  auxiliary  equip¬ 
ment.  With  Optiform  and  a  file  of  silhouettes  of  components  of  known  perform¬ 
ance  characteristics,  one  can  assemble  a  pure  fluid  control  system  at  the 
drawing  board  with  high  probability  that  the  first  of  the  resulting  low-cost, 
short-lead-time  production  models  will  function  properly. 
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INSTRUMENTATION  FOR  RESEARCH  AND  DEVELOPMENT  IN  PURE  FLUID  SYSTEMS 


by 

Ronald  L.  Humphrey 
Eric  E.  Metzger 

of 

Bowles  Engineering  Corporation 


INTRODUCTION 

Some  flow  and  pressure  measurements  in  Pure  Fluid  Systems  can  be 

made  with  instruments  adapted  from  other  fields - others  require  new  types 

nf  instruments.  Examples  of  both  are  discussed  in  this  paper. 

THERMISTOR  ANEMOMETER 


A  hot  thermistor  anemometer  has  been  developed  and  shown  to  be  very 
useful  as  a  Flow-No  Flow  indicator  with  the  theimistor  mounted  In  a  channel 
type  probe.  This  instrument  has  been  designed  as  a  visual  (light)  flow  indica¬ 
tor  for  use  with  displays  and  as  an  indicator  of  the  existence  or  non-existence 
of  flow  in  very  low-power  fluid  devices  anti  systems.  This  instrument  also 
has  proved  useful  in  development  work  and  production  checking. 

Figure  1  shows  the  Flow-No  Flow  indicator  and  a  channel  probe.  The 
indicator  is  simply  a  bridge  using  a  single  tronsistor  as  both  a  bridge  balance 
detector  and  a  switch  to  turn  the  lignt  on  and  oft.  This  instrument  is  constant- 
current  operated  and  needs  a  direct-current  power  supply. 

Figure  2  shows  the  indicator's  typical  sensitivity  curve  of  flow  versus 
level  adjust  setting.  The  instrument  is  usable  over  a  velocity  range  of  0.5 
to  500  ft/sec.  The  steep  slope  seen  in  Figure  2  illustrates  the  capability  of 
the  Instrument  to  indicate  the  difference  between  two  flows  from  0.5  to  5  ft/sec 
in  approximately  n.S  ft/sec  Increments.  The  frequency  response  of  the  instru¬ 
ment  is  DC  to  10  cps.  This  is  quite  satisfactory  considering  that  the  typical 
response  of  the  human  eye  is  12  to  14  cps.  The  device  may  be  used  with  most 
gases,  excluding  only  those  which  would  attack  the  probe  body,  thermistor  or 
wire  materials.  Operation  has  been  found  satisfactory  over  a  temperature 
range  from  zero  to  30°C  for  ambient  and  gas. 
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The  stancerJ  iJiobc  body  used  is  made  e£  plexiglas  or  epoxy  and  design¬ 
ed  to  fit  1/4  inch  o.d.  tubing  and  insure  a  smooth  transition  from  tubing  to 
probe.  The  flow  sensor  is  a  standard  thermistor  0.007  inch  in  diameter.  The 
thermistor  could  be  mounted  in  any  channel,  such  as  in  Optiform  models,  where 
gas  velocities  are  within  the  instrument  limitations. 

One  of  many  applications  was  a  series  of  flow  indicators  displaying 
outputs  of  a  five-stage  pure  fluid  binary  counter. 


A  LOW  COST  HOT  WIRE  ANEMOMETER 


A  hot-wire  anemometer  has  also  been  developed  and  become  very  use¬ 
ful  as  a  Hot-Wjre  Indicator  with  the  wire  mounted  in  a  channel  probe.  This 
iaslrumcnt  has  been  designed  to  be  used  in  conjunction  with  an  oscilloscope 
for  displaying  pneumatic  wave  forms. 

Figure  3  shows  the  Hot-Wire  indicatf»  and  a  channel  type  probe.  The 
indicator  is  simply  a  bridge  with  a  balance  adjustment.  The  instrument  is 
constant-current  operated  and  needs  a  direct-current  power  supply. 

Figure  4  sliows  the  indicator's  typical  sensitivity  curve  of  velocity 
versus  output  voltage  in  .nlllivolts.  Figure  4  also  shows  that  this  Instrument 
can  readily  indicate  small  changes  over  a  velocity  range  of  one  to  500  ft/sec. 
With  this  instrument  the  DC  versus  AC  velocity  may  be  easily  measured  and 
compared  by  simply  monitoring  the  DC  output  of  the  device  when  it  has  been 
initially  balanced  to  zero  at  zero  flow.  The  frequency  response  of  this  instru¬ 
ment  is  DC  to  300  cps  {-3db)  at  a  velocity  of  160  ft/sec.  At  lower  velocities 
the  response  is  less  (approximately  DC  to  115  cps  at  a  velocity  of  zero  ft/sec). 
These  curves  are  shown  in  Figure  5.  The  frequency  response  was  obtained  by 
using  the  standard  square-wave  calibration  technique.  This  instrument  may  be 
used  with  most  gases,  except  those  which  would  attack  the  probe  body  or  wire 
materials.  Operation  has  been  found  satisfactory  over  a  temperature  range  of 
20  to  25°C  for  ambient  and  gas. 

The  standard  probe  body  is  the  same  as  used  with  the  Fiow-No  Flow 
inaicator.  The  flow'  sensor  is  a  0.0002  inch  diameter  gold-plated  tungsten 
wire  approximately  C.300  inch  in  length,  with  an  approximate  Rcold  ohms. 
Tungsten  wire  offers  needed  strength  for  mounting,  while  the  gold  plating 
reduces  oxidation  of  the  wire  surface  and  allows  a  more  reliable  R^old' 
length  reduces  end  effects  of  the  mounted  wire  thereby  increasing  the  frequency 
response  of  the  uncompensated  wire.  Hot  wires  are  not  limited  to  this  type 
mounting  and  have  been  mounted  within  the  plastic  elements  being  monitored. 
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Figure  6  is  a  biock  diagram  of  a  switching  time  measurement  circuit 
using  three  standard  Hot-Wire  Indicators  for  measuring  the  switching  time  of 
a  pneumatic  "OR"  gate,  This  diagram  shows  the  "OR"  gate  in  a  pneumatic 
circuit  operating  under  true  ioati  conditions. 

Figure  7  shows  the  oscilloscope  trace  of  the  switcliing  measurement 
made  on  the  "OR"  gate  shown  in  Figure  6.  The  switching  time  was  measured 
to  be  0.5  milliseconds,  witn  a  point-to-point  switching  time  of  approximately 
0.2  milliseconds.  Point-to-point  switching  time  is  the  time  that  it  takes  the 
power  jet  to  switch  from  one  side  of  the  divider  point  to  the  other  side  of  the 
divider  point. 

Figure  0  shows  the  output  of  a  pneumatic  "OR"  gate  made  of  Optifonn 
as  measured  with  a  standard  Hot-Wire  indicator.  The  sweep  rate  is  20  milli¬ 
seconds  per  centimeter 

The  Hot-Wire  indicators  have  also  been  used  to  measure  signal-to- 
iioise  ratios  and  output  wave  forms  of  various  pneumatic  elements  and  systems. 

In  many  applications  of  this  Hot-Wire  indicator,  the  DC  flow  was 
sufficient  to  saturate  vrirs  and  thereby  make  it  less  sensitive  to  small 
AC  flow  changes.  However,  a  technique  v/as  developed  which  reduced  the  DC 
flow  and  mainly  passed  AC  flow,  therefore  extending  the  useful  range  of  the 
hot  wire.  This  invoivea  placing  holes  and  slots  along  the  length  of  pneumatic 
tubing  leading  to  the  hot  wire.  Very  little  AC  flow  distortion  has  been  noticed 
due  to  the  holes  and  slots  being  present  in  the  tubing. 

MINIDUCER 


A  miniature  piezoelectric  transducer  for  aerodynamic  and  acoustic 
pressure  measurements  is  being  developed.  The  transducer  Is  made  from  a 
modified  lead  zirconate  titanate  ceramic  material.  The  size  of  the  transducer 
is  0.030  X  0.060  x  0.250  inches  with  0.030  x  0.060  inches  being  the  size  of 
the  sensitive  area.  This  area  is  important  where  resolution  is  a  problem. 

Figures  9  and  10  show  the  Miniducer  in  three  states.  The  pressure 
sensor  is  shown  unmounted,  mounted  in  a  pneumatic  flip-flop,  and  as  an 
acoustical  transducer. 

Figure  1 1  shows  the  sensitivity  curve  of  a  Miniducer  mounted  as  a 
pressure  sensor  in  a  pneumatic  flip-flop.  Sensitivity  checks  were  made  at 
various  points  from  0.1  to  10.0  psig.  The  instruments  used  for  this  calibration 
curve  ware  a  Kistler  Charge  amplifier  and  a  Brush  recorder. 
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Figure  12  shows  the  free-fiold  frequency  response  of  s  Miniducer 
mounted  for  acoustical  measurements.  The  acoustical  driver  for  this  measure¬ 
ment  was  a  DuKane  tweeter,  and  the  output  of  the  transducer  was  fed  into  a 
Kistler  Charge  amplifier  and  tiien  to  a  Tektronix  oscilloscope. 

Figure  13  shows  the  Miniducer  output  while  being  driven  by  a  30  KC 
signal  from  the  DuKane  tweeter. 

FIBER  OPTICS  MONITOR 


A  Schlieren  system  has  been  adapted  to  make  high-frequency  measure¬ 
ments  in  small  elements  and  systems.  The  Schlieren  field  was  examined  by 
a  Fiber  Optics  Monitor,  consisting  of  four  channels  containing  light  guides, 
photomultipliers,  and  amplifiers.  The  Monitor  is  shov/n  in  Figure  14.  The 
time  of  arrival  of  pneumatic  signals  was  measured  with  this  instrument  by  the 
detection  of  the  change  of  illumination  in  liie  Schlieren  field  produced  by  varia¬ 
tions  in  density  gradients  in  the  air  flowing  through  the  pneumatic  element 
under  test.  The  sensitivity  and  bandwidth  of  photomultipliers  made  them  ideal 
for  detecting  small  changes  in  light  level  in  these  experiments,  but  they  are 
unwieldly  when  small  sources  cf  light  must  be  examined.  This  difficulty  was 
overcome  by  using  the  light  guides  to  conduct  the  light  from  the  Scnliercn 
field  to  the  photomultiplier  cathode.  These  light  guides  consist  of  many 
optical  fibers  bundled  together  to  form  an  efficient  and  flexible  light  conductor 
3  feet  long  with  a  light,  mobile  entrance  aperture  l/l6  inch  in  diameter. 

Figure  15  shows  the  experimental  arrangement  used,  with  the  observer 
looking  into  the  exit  aperture  of  the  Schlieren.  The  focal  length  of  this 
Schlieren  is  80  inches  with  an  aperture  of  6  inches.  It  was  manufactured  by 
the  Unertl  Optical  Company  of  Pittsburgh  for  use  in  our  laboratory. 


A  plastic  Pure  Fluid  element  is  shown  in  Figure  16.  Figure  17  shows 
the  element  under  test.  The  solenoid  valves  shown  on  the  slide  were  driven 
by  3  cycling  timer,  so  that  they  were  nearly  180  degrees  out  of  phase.  No 
particular  effort  was  made  to  insure  exactly  180  degrees  phase  shift,  nor  to 
eslablisli  exactly  what  the  phase  shift  of  the  control  jet  pressures  actually 
was  during  the  experiments.  The  timer  was  run  at  1-1/2  cps,  with  a  separate 
trigger  rulsp  for  oscilloscope  synchronization.  The  two  states  of  the  switch¬ 
ing  element  are  shown  in  Figures  18  and  19,  which  are  photographs  of  the 
Schlieren  image.  The  position  of  the  light  guides  in  relation  to  the  channels 
cut  through  the  element  is  shown  in  Figure  20,  which  is  the  image  of  the 
channels  with  two  light  guides  in  place.  These  images  were  masked  to  18  min 
to  exclude  ull  extraneous  parts  of  the  fluid  element,  which  left  the  sections 
shown  here  magnified  4x  by  the  Schlieren  system  itself. 
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The  change  in  output  of  the  Fiber  Optics  Monitor  when  the  element 
was  switched  is  shown  in  Figuies  21  and  22.  The  ripple  is  60  cycle  from  the 
Schlieren  light  souicc.  An  analysis  has  not  been  made  of  the  structure  of  the 
switching  transient.  The  data  shown  indicates  a  switching  time  of  less  than 
7  milliseconds.  TJje  signals  indicate,  however,  that  the  first  effects  on  both 
the  output  channel  flows  appear  in  a  much  smaller  time, 

SUMMARY 


The  field  of  Pure  Fluid  Systems  has  been  somewhat  handicapped  by  a 
lack  of  suitable  Instrumentation.  The  general  problems  have  been  related  to: 

(1)  small  passageways 

(2)  cost  per  channel 

(3)  sensitivity 

(4)  high  speed  transient  characteristics 

Each  Instrument  discussed  in  this  paper  was  designed  for  a  specific 
purpose.  For  example: 

Thermistor  'u.cu.jmcter  ---  A  visual  indicator  for  quickly  checking 
a  large  number  of  flow  passageways. 

Hot  Wire  Anemometer  — -  Indicators  used  in  conjunction  with 
oscilloscopes.  They  can  be  used  to  study  the  wave  forms  of  various 
pure  fluid  components. 

Miniducer  —  Miniature  piezoelectric  pressure  sensors  for  use  in 
small  channels. 

Fiber  Optics  Monitor  - —  Combines  high  response  with  small  censors 
for  the  study  of  transients  of  density  in  the  air  flowing  through  pure 
fluid  elements  or  systems.  (Used  cooperatively  with  shadowgraph, 
schlieren,  or  Interferometer.) 

With  the  previously  mentioned  instruments  it  is  economically  feasible 
to  monitor  a  large  nuu.bei  of  channels,  i.e. ,  locations pn  a  qualitative  or 
quantitative  basis. 
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Fig.  I  FLOW-NO  FLOW  INDICATOR 


Fig.  2  TYPICAL  FLOW -NO  FLOW  INOICATOP 
SENSITIVITY 


Fig. 3  HOT  WIRE  INDICATOR 


FIKQUENCY  IN  epa 

Fig  5  FPEOLfNCY  RESPONSE  OF  .2MIL  OIA.  ■  SOO 
MIL  LONC  GOLD  PLATED  TUNGSTEN  WIRE 


VELOCITY  m  FT/SEC. 

Fig  4  typical  HOT  WIRE  SENSITIVITY 


Fig.  6  SWITCMNG  TIME  MEASUREMENT  CIRCUIT 


174 


Fig  7  "OR"  GATE  SWITCHING  TIME  MEASUREMENT  fjg  8  OUTPUT  OF  OPTIFORW  "OR"  GATE 


Fig  9  MINIOUCERS,  MOUNTED  AND 
UNMOUNTED 


Fig  10  ACOUSTIC  MINIDUCER 
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Raftrtnea  l.•v•l>  l«/«bar 


10 


100 


F'raqutncy  In  kept 


Fig.  I  I  MINOUCCR  SENSITIVITY  CURVE 
(MinMuetr  MpuntpS  MFlip-Flpp) 


Fig  12  FREE  FIELD  KINIOUCER  FREQUENCY 
RESPONSE 
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Fig  13  WAVEFORM  OUTPUT  OF  MiNiOOCER  Fig.  14  OPTIC  FIBER  MONITOR 


Fig.  15  SCHLIEREN /OPTIC  FIBER  MONITOR,  Fig.  16  PLASTIC  PURE  FLUID  ELEMENTS 
EXPERIMENTAL  ARRANGEMENT  USED  IN  SCHLiEREN/OPTIC  FIBER 

MONITOR  EXPERIMENT 


Fig.  17  PLASTIC  PURE  FLUID  ELEMENT  Fig.  18  ELEMENT  WITH  FLOW  SWITCHED 

TO  THE  RIGHT  OUTPUT 
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Fig  19  ELEVEN!  WITH  FLOW  SWITCHED 
TO  THE  LEFT  OUTPUT 


Rg  20  ELEMENT  CHANNEL  (MAGE  SHOWING 
POSITION  OF  THE  LIGHT  GUIDES 


Fig,  21  OPTIC  FIBER  MONITOR  OUTPUT 
TRACE.  TIME  BASE  50ms/cm 


Fig,  22  OPTIC  FIBER  MONITOR  OUTPUT 
TRACE.  TIME  BASE  Bms/cm 
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CHARACTERISTICS  OF  TWO-DIMENSIONAL 
COMPRESSIBLE  AITACIIED  JETS 

by 

R.  E.  Olson 
of 

United  Aircraft  Corporation 
Research  Laboratories 


ABSTRACT 


Analytical  and  experimental  studies  of  the  characteristics  of  two- 
dimensional,  compressible  jets  attached  to  an  adjacent  boundary  wall 
were  conducted  with  air  as  the  working  fluid,  A  theoretical  flow  model 
is  presented  and  methcds  fzr  prodlcLing  the  Jet  characteristics  based 
on  this  model  are  discussed.  Experimental  measurements  of  the  flow  pro¬ 
files  within  the  Jet  at  veirlous  axial  stations  both  upstream  and  down¬ 
stream  of  the  reattachment  location  for  Mach  numbers  of  0.90  and  2.0  are 
presented.  Correlations  of  the  experimental  results  on  the  basis  of 
the  analytical  concepts  are  made  for  certain  regions  of  the  Jet.  Measure¬ 
ments  of  preoBvire  recovery  characteristics  of  a  diffuser  located  down¬ 
stream  of  reattachment  are  presented  and  con^pared  with  pressure  recoveries 
calculated  on  the  basis  of  average  condlt’ons  at  the  diffuser  inlet. 


INTRODUCTION 

An  ev€Lluatlon  of  the  performance  of  pure-pneumatic  elements,  particu¬ 
larly  digital  elements,  requires  information  regarding  the  characteristics 
of  two-diosnsional  attached  Jets  (i.e.,  jetc  originally  unattached  which 
subsequently  attach  cn  one  side  to  a  boundary  weill).  The  flow  profiles 
throiighovt  the  Jet  and  the  pressure  recovery  characteristics  of  diffusion 
systems  capturing  portions  of  the  Jet  are  of  particular  Interest  since 
these  characteristics  determine  the  power  efficiency  of  an  element.  Quan¬ 
titative  procedures  for  predicting  flow  profiles  in  Jets  attached  to  plates 
are  not  available  and  related  work  is  generally  limited  to  subsonic  flows 
(e.g.,  Ref.  1).  Furthermore,  although  previous  studies  of  diffusers  for 
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nubnunic  and  supersonic  wind  tunnels  and  propulsion  systems  (e.g.,  Refs.  ? 

3  ond  1)  have  provided  (uialyticiu.  proci.duies  for  predicting  diffuser  pres¬ 
sure  recoveries,  the  applicability  of  these  procedures  to  diffusers  having 
extremely  nonu-iiform  inlet  profiles,  as  would  be  tJie  case  in  most  pure 
pneumatic  components,  has  not  been  demons t rated . 

Accordingly,  investigations  have  been  Initiated  to  study  the  fl^i-; 
profile  development  characteristics  of  two-dimensional  attached  Jots  and 
the  pressure  rc?cve’'y  characteristics  of  diffusion  systems  capturing  Jets 
of  this  type.  The  results  presented  herein  represent  the  initial  portion 
of  these  investigations,  which  were  undertaken  as  part  of  a  general  investi¬ 
gation  of  the  performance  of  pure-pneumatic  elements  being  conducted  for 
the  Diamond  Ordnance  Fuze  Laborato”les  under  Contract  DA-49-186-0RD-912. 


A.1ALYTICAL  CONSIDERATIONS 

A  theoretical  flow  model  for  n  two-diiienGlonal  attached  Jet  Is  pre¬ 
sented  in  Fig.  1.  In  this  model  the  Jet  exhausts  from  a  nozzle  and  reattaches 
to  one  of  the  bounding  walls  thereby  enclosing  a  separated  region  or  separa¬ 
tion  bubble.  Tbie  upper  portion  of  the  figure  shows  the  Jet  divided  into 
fo'ur  zones:  the  core,  the  inner  and  outer  mixing  zones,  and  the  boundary 
layer.  Viscous  effects  predominate  in  the  inner  and  outer  mixing  zones 
and  in  the  boundary  layer,  whereas  the  core  can  be  consider  d  to  be  Invlscld. 

Also  shown  in  this  portion  of  the  figpre  are  typical  velocity  profiles 
at  the  various  axial  stations  In  the  stream.  Between  the  nozzle  exit  and 
the  reattachment  point,  the  Jet  entrains  fluid  from  the  separated  regions 
bordering  the  Jet,  and  the  turbulent  mixing  trtilch  resud-ts  produces  velocity 
profiles  characteristic  of  those  for  a  free  Jet.  At  reattao.hae.nt  a  por¬ 
tion  of  the  flow  in  the  Jet  is  not  able  to  withstand  the  associated  pressure 
rise  (shown  in  the  lower  portion  of  the  figure)  and  is  reversed  back  Into 
tlie  separation  bubble.  If  flow  is  introduced  into  t.his  separation  bubble 
from  an  external  source,  steady-state  conditions  will  still  exist  If  this 
additional  flow  can  gain  sufficient  momentum  by  mixing  with  the  main  stream 
to  negotiate  the  pressure  rise  associated  with  reattachment.  If  this  is 
not  possible,  the  amount  of  fluid  in  the  separation  bubble  will  contlnaa 
to  lrcrea.~v;  Uiitll  i/ne  entire  stream  separates  from  the  vail.  This  mechanism 
will  cause  the  flow  to  switch  and  become  attached  to  the-  opposite  vail.  At 
the  reattachment  point  the  velocity  profile  near  the  wall  lu  charauterlstic 
of  that  for  Incipient  sepore+ion  (i.e.,  the  velocity  gradient  is  zero  at 
the  wall).  Dowr stream  from  the  reattachment  point  the  high-energy  portion 
of  the  stream  mixes  with  the  low-energy  flow  near  the  wall,  and  a  typical 
power-law  type  boundary  layer  velocity  profile  is  established  in  the  portion 
of  the  stream  near  the  wall.  The  inner  mixing  zone  diminishes  In  height  due 
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Ot  STANCE  ALON&  WALL 


FIGURE  I  SKETCH  OF  FLOW  MODEL 
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to  the  boundary  Iji.vcr  yrovth  and  the  spreading,  of  the  outer  mlxir.r  zone. 

In  the  outer  mixing  /.one  wh»“re  the  profile  Is  slnllar  to  that  for  n  free 
Jet.  flow  l.s  cor.tir.u.ally  being  entrained  ulonr,  the  outer  boundary  thereby 
causing  tills  region  to  spread.  At  some  uownstrecun  station  the  inner 
Doundary  of  the  outer  mixlrg  zone  Intersects  with  the  outer  edge  of  the 
boundary  layer  and  the  mixinj',  zone  becomes  nonexistent.  At  subsequent  down¬ 
stream  stations,  co.iipiete  velocity  profile  similarity  exists  with  the  pro¬ 
file  for  the  upper  portion  of  the  stream  being  similar  to  that  of  a  free 
jet  and  the  portion  of  the  stream  near  the  wall  having  a  power-law  type 
profile. 

Presently,  the  velocity  profile  development  in  these  various  zones  can 
only  be  qualitatively  established.  Quantitative  procedures  fer  co.Tputlng 
these  characteristics  requires  additional  knowledge  of  jet  miv’ng  Jr.  the 
presence  of  pressure  gradients  and  boundary  walls,  and  knowledge  of  the 
boundary  layer  gro.Lh  cViaracteristlcs  of  reattached  .'lows. 


expehi:-i;?;t/x  s’iudies 

A  schematic  diagram  ana  pnotographs  of  the  '•ent  x'ig  employed  for  these 
tests  are  presented  in  Figs.  2  and  3  resp' ctiv*' /  y  The  test  rig  was  two 
dimensional  throughout  Its  length  and  \  p’-.vided  with  hinged  sidewall.^ 

3  in.  apfu-t.  A  portion  of  these  sldowallr  ••:;r  gla.ss  to  enable  schlieren 
observation.  Ke.movable  nozzle  blocKs  v  .re  provided  to  obtain  both  sub¬ 
sonic  ar.d  superscaic  jot  Mach  numterr  .  .  ubsonic  jet  ".ach  numbers  were 

obtained  with  a  smooth- app road-  rc-ver  eut  nozzle.  Co.avergent-divergeni. 
nozzles  designed  for  uniform  fl'.  w  dt  the  exit  were  employed  to  obtain 
supersonic  jet  Mach  numbers,  f.io  exit  height.,  w  ,  for  all  nozzles  was 
equal  to  0.50  in.,  theret.-  p.ovlding  on  aspect  ratio  (dlRtan.ne  between  side- 
walls  divided  by  the  i.::  .e  height)  equal  to  6.0.  The  boundary  walls  down¬ 
stream  of  the  nozzle  I  ,ks  were  adjustable  to  vary  both  setback  ar;d  wall 
angle.  Aliilow  -.ar  i..^iplied  at  an  upstream  total  pressure  of  eiipmYlmpteiy 
22  psia  and  a  c  taj.  temperature  of  8o  F  for  all  tests  and  was  exhausted 
through  labor"  -ry  vacuum  pumps. 

Pifiy  pressure  taps  were  provided  along  one  of  the  boundary  walls  to 
mensurt  Li>  wail  static  pressure  distribution.  The  variable-position  pitot 
pge-i  •’•e  p*o  ’  shown  in  Fig.  3  was  employed  to  obtain  stur/cys  through  the 
stream  without  a  diffuser  insteJ-led.  This  probe  was  motorized  in  the 
direction  perpendicular  to  the  boundary  walls  and  in  the  strearawise  direction 
but  was  positioned  manually  in  the  direction  perpendicular  to  the  side  plates. 
The  position  of  the  prote  in  the  motorized  directions  was  recorded  by  an 
automatic  dai-a-recording  system  on  punched  cards. 
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FIGURE  2  SCHEMATIC  CIA6RAM  OF  TEST  RIG  FOR  ATTACHED  ~  TESTS 


W:T»i  PROBCS  IWSTALLED 


FIGURE  3  PHOTOGRAPH  OF  TEST  RIG  FOR  ATTACHED- JET  TESTS 
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This  rif,  wan  flrslpred  lo  af'cmmiodntc  diffuser  models  attached  directly 
to  the  boundary  wTidls.  A  typical  diffuser  model  ic  chuw!i  trie  dashed 
Hues  in  Fip.  2  and  a  photopraph  of  the  model  employed  for  the  tests  reported 
herein  is  presented  in  Fip.  j.  Healing  of  the  diffuser  at  the  side  plates 
was  accomplished  with  flat  rubber  caskets.  For  tests  with  the  diffuser 
installed,  a  flow-measurinp  bellmouth  was  provided  between  the  diffuser  exit 
and  the  vncuuin  supply.  Diffuser  back  pressure  was  controlled  with  a  throt- 
tllnp  valve  downstream  of  the  bellmouth. 

In  deter.ulnlnc  tire  velocity  or  Mach  number  profiles  in  the  Jet  without 
the  diffuser  installed,  both  the  pitot  and  ctuLle  pressures  at  each  point 
must  be  known.  Conventional  probes  for  obtaining  static  pressure  could  not 
be  employed  because  of  the  extreme  sensitivity  of  these  probes  to  flow 
angularity  and  the  adverse  Interference  effects  caused  by  the  probe  support, 
particularly  at  transonic  Mach  numbers.  Therefore,  a  special  probe  was 
developed  to  obtain  static  pressure  measurements  along  the  Jet  centerline 
(defined  as  the  locus  of  points  of  maximum  stream  velocity).  T}:iG  probe 
comprised  a  slotted  hypotube  which  was  bent  to  the  contour  of  the  Jec  cen¬ 
terline.  The  location  of  this  centerline  was  determined  from  the  position 
of  the  maximum  pitot  pressures  obtained  from  limited  pitot  pressure  surveys. 

A  second  movable  hypotu'-e  vlth  a  static  pressure  orifice  was  contained 
within  the  first.  The  slot  in  the  first  hypotube  was  oriented  so  that 
the  static  pressure  orifice  faced  the  side  plate.  The  hypotube  e.xtended 
upstream  into  the  plenum  chiunfccr  and  downstream  to  the  end  of  the  boundary 
walls.  This  technique  eliminated  the  probe  body  interference  effects  and 
reduced  the  adverse  of  flow  angularity,  both  the  pitot  and  s'^atic 

pressure  probes  are  shown  in  Fig.  3» 

The  approximate  equation  of  motion  in  the  direction  perpendicular  to 
the  stream  shows  that  the  static  pressure  gradient  is  zero  at  the  weLLl  or 
outer  extremity  of  the  Jet  where  the  streasiwlse  velocity  is  zero.  Ry  dif¬ 
ferentiating  this  equation  it  con  also  be  snown  that  the  curvature  of  the 
static  pressure  profll®  is  zero  at  the  point  of  maximum  sti'eam  velocity  where 
tlje  velocity  gradient  is  equal  to  zero.  These  static  pressure  gradients 
and  the  measured  static  pressures  at  the  outer  extremities  of  the  Jet  and 
on  the  Jet  cmterllne  were  employed  to  establish  the  static  pressure  pro¬ 
files.  On  the  outer  boundary  of  the  jot,  the  static  pressure  was  assumed 
equal  to  the  measured  pitot  pressures.  On  the  inner  boundary  of  the  Jet, 
the  mc-asured  wall  static  pressure  was  used.  Typical  static  nressiu'e  pro¬ 
files  together  with  tlieir  correspond! .ng  measured  pitot  pressure  profiles  ore 
presented  in  Fig.  4  for  stations  both  upstream  end  downstream  of  the  reattach¬ 
ment  point.  It  should  be  noted  that  all  pitot  pressvire  surveys  were  taken 
perpendicular  to  the  Jet  centerline.  The  Mach  number  euid  velocity  diatribu- 
tions  were  computed  using  one-dimensional  compressible  flow  relations  assum¬ 
ing  constant  total  ten5)erature  throughout  the  stream. 
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loclLy  proTLlfr.  obtained  at  artcua  tlotaricec  aion^  the  Jet  cent' 
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■li'  fi'.  S'.iitod  in  Flf.  t?-  It  ad' 
t  tin"(i  po!'prr:dl  uiar  to  the 
or  near  reatt((ch:-:cnt  r 
vc'lacLty  profiles  at  the 
vlouGly  under  "ANA[,YT  ' 
crease  in  the  dint  to 
00  Gccn. 


d  b*  noted  ttmt  the  profil.-rs  r.ho'.m  were 
■ciitrrlini?  and  for  cases  upstream  of  reattac"' 

.lOt  perpendicular  to  the  wall.  The  charac‘^xtf^sL 
"*  i'jus  sLaf.lons  tiirougliout  tht?  Jot,  mcntic  -'d  pre- 
■ONSIDERATxoWS"  are  evident  in  this  The  in¬ 

reattachment  as  the  Mach  numucr  is  incjr  .ased  can  also 


Stnti'  'cr.-iUi'e  dtstrlbutlonr  on  the  wall  to  which  the  stream  is  attached 
arf}  shov'  .n  rif'.  u.  The  roattac:‘'iiiie.it  point  locations  r.)/  in  the  figure  were 
deter"''  d  by  m  rrtvttire  nf  l-^.mpblu'k  and  oil  dly  on  the  surface  v.'f 

the  .naaev  wall  and  subsequently  maintaining  test  </  editions  for  a  period  of 
iry  to  establish  a  flow  ];nitrrn.  Using  /  ‘tc  technique,  the  lamp- 
U  '  und  oil  mixture  is  "wiped  away"  in  regions  v  •  high  velocity  aiid  deposits 
.!  Lo"',atlon  rerlonr.  The  effect  of  Mach  pumboe  on  the  reattHchment  location 

. tinned  'previously  is  more  clearly  evident  this  figure.  Two  additional 

''harricterl s-ics  of  interest  are  also  shown.  /  --bo  first  is  that  the  ratio  of  the 
presr.'ure  at  r  attachment  to  the  minimum  'pvy  sure  upstream  of  reattaehment  in¬ 
creases  as  the  Ji't  Mach  number  Increases^^  Tnis  characteristic  is  consistent 
wltn  reattach'. ei.t  da*a  for  a  semi-lnfln/  stream  flowing  over  a  rearward -facing 
step  'Ref,  5).  The  second  is  the  char/  -^er  of  the  static  pressu  ~  d Istilbutions 
h'Viistrear.i  of  reattaehment.  For  the/  ■>‘jpeff>onic  Mach  number,  the  wavy  character 
of  the  pressure  distribution  Indlcty  the  presence  of  oblique  shock  waves. 

.‘dacP  numoer  dlstrlb.itlons  a/  ■'^>6  the  Jet  centerline  are  presentod  in  Fig. 

7.  The  existence  of  Ihe  repeti/  ‘Ve  shock  and  expansion  patterns  for  the  super¬ 
sonic  Mfich  numbe-r  Jvt  Is  cloar^^  J  evident  in  this  figure.  These  shock  patterns 
which  are  characteristic  of  ti'  1*01*  imperfectly  expanded  Jet  arise  because 
of  the  flow  turning  rcqulmd^^  The  effect  of  this  turning  foi'  the  subsonic  Mach 
number  Jet  is  Indl-ated  by  r  •»''  ^ai  iut’  n  in  centerline  Mach  number  for  /alues 

of  x/v/  <  6  ,  f 

I 

/' 

Integrated  average  yi  pr'^ssure  characteristics  of  the  Jet  at  tv  uxlal 
stations  are  presented  I.'*  •  fiC*  8  for  the  two  Jet  Mnch  numbers  invest'  .ted. 

'Ail  prcusurcG  are  aosol  values).  For  a  Jet  .vach  number  O.90,  '  .o-  maximum 
average  total  pressure  ''  'b&t  could  be  obtained  by  capturing  pc’^  .on  of  the 
Jet  it,  biiown  CO  decrcac  ®  increasing  dlf;cance  from  the  nc'  le  exit  as  would 

be  expected  since  the  t  i«xiniuia  total  pressure  in  tiie  Je'  -s  .creasing.  For  a 
Mach  number  £.0.  howevc  maximum  pv'c*re.gc  total  "  ..e  available  is  ap- 

prcxl'Mtely  equal  for  axial  'olatlons.  'HiIc  n-  .jb  since  the  station 

with  the  lowest  x/v»  upstream  of  reattachi’iec t  an  therefore  Inclu  '..00  a  por¬ 

tion  of  very  low  enc  GY  fluid  lose  to  the  w.ll  .-reby  decreasing  the  maximum 
average  total  pressu  avaJ’.x.clc.  in  addltioj-  the  maximum  average  total  pres¬ 
sure  available  in  tt  fl'’"  nt  a  given  str  ..iwise  station  downstream  of  rc- 
atta-’hnent  is  seen  '  0  '  ^f'ease  with  incre  •  mg  Mach  number.  The  major  portion 
of  this  decrease  cn'  be  attributed  to  '  -ek  losses. 

y 
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FIGURE  6  STATIC  PRESSURE  DISTRIBUTIONS  ALONG  BOUNDARY  WALL 


89 


^•GURE  7  CENTERLINE  MACH  NUMBER  DISTRIBUTIONS 


2.8 


OVERAGE  AVAILABLE  TOTAL  PWESSUWE  IN  JET 
'MIT!*'.  AVAILASLE  JET  TOTAL  PRESSURE  ’ 

*  0  • 


FIGURE  8  AVEPAGE  TOTAL  PRESSURE  CHARACTERISTICS 
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VELOCITY  RATIO,  u /uj 


FIGURE  9  NONOIMENSIONAL  VELOCITY  PROFILES  DOWNSTREAM  OF 
REATTACHMENT  IN  OUTER  MIXING  ZONE 
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FIGURE  10  SKETCH  OF  DIFFUSER  MODEL 


OlFFtSER  PRESSJRE  RECOVERY 


FIGURE  II  DIFFUSER  PRESSURE  RECOVERY  CHARACTERISTICS 
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,;w!Tf’h('d  ^  o  tiu’  opTTT.ltr  v;all  aril  I'kiWf-j  inLo  i,h<=‘  r>y)iau.st  plpn)-".  For 
t’.ro’.tle  sitti -1,’.  'jar  jr(-';:'.crit.:;  oP  cifruner  woif'ht  '.’low  and  diffuspr  cxha'ir''. 
"‘'itif  pr";;£  re  v^re  oj'ain'-d.  Fr-om  th<  :c  for  t  i  neity-average 

total  pr'CGS  .rf  at  tliO  lllTuoi  r  exit  was  calculateu. 


li.  rr;.e!'al  ,  v!ien  th<'  r-lacii  nutnber  p.prproaohing  the-  a.lp  of  the  diffuser  has 
a  I'ldaLlvel  y  low  suhsonlc  val  ,  one  of  three  flow  regimes  i  termed  {’nse  11^ 
i  ITil  ray  be  eti 'OUf. ' crea .  For  Case  1,  the  suhsor.lc  flow  approaching  the 
d  i  f  .'i  '.er  lip  is  cntral!;ing  air  from  the  region  outside  the  undisturbed  stream- 
lire  i.e.j  the  rtreamlino  vhl 'h  was  at  the  location  of  tiie  diffuser  lip  without 
Ll;e  Ji.W.ser  lnsLciIl(_-.^ } ;  for  Case  II,  th'’  diffuser  captures  all  of  the  flow 
whir-1  WIG  in  the  stream  at  '  ne  station  witliout  the  diffuser  installed;  for  Case 


I,  flew  is  spilled  aroiini  the  lip 
•iroi-nlo  Nia -h  n  refers  ap  proaching 

pv*  *cv*r*l  cci 


of  the  diffuser.  With  high  subsonic  or 
tm-  lip  'i.e.,  with  the  lip  moved  from  the 
ter  of  t!.t  jtiea.ii),  only  Cases  11  and  lij. 


ire  encountered  be'^ause  thf'  inlet  is  ei’i’ecti vely  ’hoked . 


Pi-esented  In  Fip.  il  are  tile  results  of  t.csts  with  the  diffuser  Irstalled 
tor  a  Jet  Ma -h.  nu':u  '  r  cf  >.'>0,  Ta  these  tests  the  diffuser  was  located  imme¬ 
diately  downstream  of  reattacirient.  Penults  are  jrcsented  for  two  diffuser 
heights,  X  ,  relative  to  t'e<.  ■  enrdary  wall.  For  an  hQ/'w  ■-  P.'S  the  entire 
stream  was  captured  wh -reas  for  a'  -  1*3  only  a  portion  of  the  stream  was 

. •- d .  Ti.e  .ei  oicHi  uasneu  lines  were  caicuiatoa  by  integj-ating  the  meas- 
.rcl  flow  profiles  ohlalnrd  without  *he  diffuser  installed  out  to  the  diffuser 


lip  posltioi:.  For  an  oq/a  =  d.o  the  open  symbols  to  the  left  of  the  dashed 
lines  represent  the  TIT  flow  regime.  Mo  data  w.-re  obtained  for  Case  I 

wit!,  this  conf irui ution  because  of  limitations  on  the  air-handling  capacity  of 


'he  exha  ist-plenum  Mee(!  vilvc  which  was  installed  during  this  series  of  tests. 


The  solid  sy.-bols  were  obtalr.ed  by  integrating  the  measured  total  pressure  pro¬ 


files  w'tho..t  the  diffusf'r  installed  io  obtain  average  total  pressure,  f'alcu- 


latcd  val  <eo  fur  various  assumed  siiosonic  nifi’usor  efficiencies  are  shown. 


With  the  diffuser  lip  located  closer  to  the  wall  so  that  only  a  portion  of  the 
stream;  was  captured,  the  flow  approaching  the  lip  has  a  high  subsonic  Mach  num¬ 
ber  and  Case  I  flow  was  rot  obtained  because  the  diffuser  was  effectively  choked 
as  shown  by  the  vertical  array  of  open  data  points.  For  this  diffuser  position 
tne  stream,  separated  from  the  wall  Just  upstream  of  the  diffuser  for  diffuser 
wei.j'k -flow  ratios  slightly  less  than  those  for  the  lowest  values  plotted. 


The  integrated  weight  flows  obteined  from  profile  measurements  without  the 
diffuser  installed  are  in  excellent  agreement  with  the  welglit  flows  m.easured 
with  the  diffuser  Installed.  The  degree  of  agreement  between  the  open  and  closed 
sj.mbols  with  respect  to  critical  dlfl'user  pressure  recovery  (highest  pressure 
recovery  nc  flow  spillage)  depends  on  the  subsonic  diffuser  efficiency,  t/^  . 

The  best  agreement  is  obtained  with  >  0.40  for  hp/w  =  i.j  and  =  0.40 
for  hp/w  =  2.6.  These  relatively  low  subsonic  diffuser  efficiencies  can  be 
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attributed  principally  to  the  poor  inlet  profiles  existing  near  reattachraent 
vnere  the  diffuser  was  located.  Tne  somewhat  poorer  diffuser  efficiency  with 
the  greater  capture  height  is  probably  due  to  the  poorer  velocity  profiles  at 
the  diffuser  inlet  existing  on  the  outer  boundary  of  the  Jet. 

From  the  preceding  discussions  of  the  tests  with  the  diffuser  installed,  it 
in  seen  that  the  diffuser  pressure  recoveries  for  no  flow  sp’llage  can  be  pre¬ 
dicted  by  employing  the  average  flow  properties  obtained  from  measured  profiles 
in  the  Jet  without  the  diffuser  installed  and  an  assumed  subsonic  diffuser  effi¬ 
ciency.  The  values  of  diffuser  effi-'lency  obtained  for  the  tests  reported  herein 
are  slightly  lower  than  those  obtained  with  well  designed  diffusers  having  well 
developed  inlet  profiles.  It  is  boHAved  that  improved  diffuser  efficiencies 
can  be  obtained  with  more  refined  diffuser  designs.  Additional  experimental  and 
analytical  Investigations,  however,  would  be  necessary  to  obtain  these  refined 
designs. 
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liIGT  OF  ?;'>">r50LS 


D 


•  u 


I 


•-0 


Lw 


M 


u 


w 


Distance  from  boundary  wall  measured  perpendicular 
to  jet  centerline 

Diffuser  iiilet  height  measured  perpendicular  to 
boundary  wall 

Length  of  subsonic  di  fuser  section 

Distance  between  nozzle  exit  and  diffuser  inlet 
measured  parallel  to  nozzle  cen**;  rline 

Distance  along  boundary  wall 

i*'tach  number 

Mach  number  on  .jet  centerline 
Static  >>iccoure 

Static  pressure  on  free  boundary  of  Jet 
Average  static  pressure  at  diffuser  inlet 
Pitot  pressure 
Total  pressure 

Diffuser  exit  total  pressure 

Average  total  pressure  at  diffuser  inlet 

Boundary  wall  static  pressure 

Diffuser  inlet  radius  of  curvature 

Distance  between  boundary  wall  and  inner  contour 
of  nozzle  at  nozzle  exit 

Velocity  parallel  to  jet  centerline 

Velocity  on  Jet  centerline 

Total  height  of  nozzle  at  exit 


f.lST  OF  SYM30IS 
(Cont . ) 


y 

^0 

e 


Control  Jfjt  weight  flow 

Diffuser  weight  flow 

Initial  Jet  weight  flow 

Distance  along  Jet  centerline 

Distance  perpendicular  to  Jet  centerline 


Subsonic  diffuser  efficiency, 


P 


oi 


Angle  of  boundary  wall  relative  to  noazle  centerline 
Angle  of  suhsenie  diffuser  section 


Subscripts 

t 

L 

R 

s 

T 

0 


Denotes  final  subsonic  diffuser  section 
Denotes  upper  boundary  wall 
Denotes  lower  boundary  wall 
Denotes  initial  subsonic  diffuser  section 
Denotes  throat  section  of  subsonic  diffuser 
Denotes  conditions  at  nozzle  exit 


Superscripts 


Denotes  conditions  where  u/u^  -  0,5 
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THE  APPLICATION  OF  FREE  JFT  MIXING 
THEORIES  TO  FLUID  AMPLIFIER  ELEMENTS 

by 
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INTRODUCTION 


It  is  often  possible  to  design  fluid  amplifier  systems  on  the  basis  of 
experimentally-derived  component  characterist.ics,  without  recourse  to  jet¬ 
mixing  theory.  But  this  :s  becoming  increasingly  dif ficult--and  dangerous. 

the  fluid  prsssurs  opsr* 


ating  temperature  varied,  Reynolds  number  effects  may  appear.  If  transition 
to  (or  from)  turbulence  is  involved,  discontinuities  or  instabilities  in 
component  characteristics  are  likely.  When  secondary  flows  are  present 
(e.g. ,  control  jets),  extrapolations  of  operating  characteristics  become  even 
Ic.ss  justified.  Multiplied  complexities  accompany  multiple-stage  amplifiers. 
The  effects  of  differing  combinations  of  fluid  properties  in  the  two  inter¬ 
acting  streams  demand  an  understanding  of  the  basic  phenomena  involved. 


Jet  mixing  analysis  is  not,  of  course,  a  new  field.  Several  well  sub¬ 
stantiated  theories  exist  which  have  been  successfully  applied  to  various 
aerodynamic,  duct-flow,  and  ejector  types  of  problrms.  It  would  seem  reason¬ 
able  to  adapt  these  to  use  with  fluid  amplification  elements  wherever  possible. 
We  must  anticipate,  however,  that  the  peculiarities  of  fluid  amplifiers  (e.g., 
small  sizes,  rapid  transients,  extremes  of  temperature)  may  not  permit  direct 
application  of  the  theories. 

It  is  the  purpose  of  this  paper  to  examine  the  status  of  two  well-accepted 
mixing  theories,  one  laminar  and  one  turbulent,  in  order  to  (1)  make  imnediate 
application  where  possible,  (2)  delineate  inherent  limitations,  and  (^)  suggest 
profitable  extensions  of  the  theoretical  treatments.  The  discussion  shall  be 
limited  to  two  dimensional,  perfect  gas  jet-flows,  where  the  jet  "core"  is 
supersonic. 


REQUIREMENTS  FOR  A  THEORY 

Figure  1  shows  a  basic  model  for  a  boundary  layer  type  of  fluid  amplifier 
component  (Ref.  1).  A  theory  which  would  adequately  treat  this  flow  type  must 
meet  the  following  requirements: 
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Figure  1.  Basic  model  for  boundary  layer  type  component. 


Figure  2.  Effect  of  transition  location  on  separated  pressure.  (M  “  3). 
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1. 


Sjiecity  the  turn  mechanism  at  the  separation  corner:  tlow  from 

2.  Define  t^e  mixing  region  characteristics  in  region  to 
e.g. ,  velocit)  profile  and  pressure  gradients. 

Specify  the  recompression  mechanism  at  the  wall  reattachment  (if 
any):  region  Qj  to  (^. 

Relate  the  above  to  secondary  mass  flows. 

5.  Consider  the  effect  of  the  initial  boundary  layer  at  (T)  on  the 
above  four  phenomena. 

6.  Consider  the  effect  of  laminai-to-turbulent  transition  location. 

In  order  to  be  generally  useful,  it  would  also  be  desirable  that  the  theory: 

7.  Apply  to  various  gases 

8.  Consider  the  effect  of  temperature  differences  in  primary  and  sec¬ 
ondary  fluid  streams. 

9.  Be  applicable  when  different  fluids  flow  in  the  two  streams. 

Many  of  these  requirements  are  met,  or  are  capable  of  being  met  in  the¬ 
ories  developed  to  treat  base  pressure  problems.  The  general  theory  of 
Crocco  and  Lees  (Kets.  2  and  3)  dealt  with  the  entire  spectrum  of  compres¬ 
sible  free  Jets  from  purely  laminar  to  purely  turbulent.  By  this  theory, 
it  was  possible  to  predict  the  qualitative  relationship  between  pressure  on 
a  back  step  auJ  the  tuibuleciL  transition  location,  as  characterized  by 
length  Reynolds  number.  Figure  2  shows  this  relation,  with  its  strange  re¬ 
versed  trend  in  the  transition  region,  providing  a  warning  to  those  who 
vculd  design  within  this  cegluu.  The  theory,  however,  suffered  in  practice 
from  its  requirement  of  up  to  five  empirical  constants  or  functions,  'ihere- 
fore,  it  has  not  been  widely  used  for  quantitative  work. 


THE  CHAPMAN -KORSI  APPROACH 


The  two  theories  which  have  proven  to  be  most  useful  In  external  flow 
base  pressure  analysis  are  those  of  H.  II.  Korst  (turbulent)  and  D.  R.  Chapman 
(laminar).  These  were  developed  independently  and  almost  simultaneously  in 
the  early  19^70*6.  They  utilize  nearly  identical  theoretical  flow  models 
shown  in  Figure  3<  Here  the  flow  is  divided  into  three  sections:  (1)  a 
frictionless  free-stream,  (2)  a  dissipative  layer  consisting  of  either  a 
guided  or  free  bcjndary  layer,  and  (3)  a  dead-air  region  formed  by  the  sep¬ 
aration  of  the  boundary  layer  due  to  a  sudden  recession  of  the  guiding  wall. 
For  sonic  or  supersonic  flow  at  the  separation  corner,  a  Prandtl-Meyer  ex¬ 
pansion  takes  place  in  the  free  stream  from  to  (^ .  In  region  pres¬ 
sure  equality  is  assumed  between  the  free-stream  and  the  dead-air  -region, 
i.e. ,  constant  pressure  across  the  jet  mixing  region.  A  pressure  gradient 
or  .flow  direction  change  between  ^  and  can  result  from  the  impingement 
of  Interference  lines  from  other  ^lid  boundaries.  The  direction  change  at 
nearly  constant  pressure  can  be  tolerated  by  the  theory.  At  the  end  of  the 
free  Je^wall  reattachment  and  recompresslon  take  place.  The  pressure  in 
region  is  Impressed  upon  the  viscous  layer  by  the  adjacent  free  stream. 
Chapman  assumed  thl.s  recompres^on  to  be  that  resulting  from  a  reversible 
compression  turn  from  to  (y.  Korst  used  an  oblique  shock  turn  from 
to  (^.  These  differ  only  slightly  for  low  Mach  numbers  (less  than  3  at 
section  ^)  since  the  turning  angle  Is  small. 
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Figure  3.  Korst  -  Chapman  flow  model. 


A  streanline,  j,  can  be  Identified  which  divides  the  amount  of  mass 
passing  over  the  corner  at  (T)  trom  Chat  mass  flow  entrained  by  tho  viscous 
action  of  the  free  jet.  A  second  streamline,  d,  can  be  identified  which 
has  just  sufficient  kinetic  energy  at  to  penetrate  the  pressure  rise  to 
(J).  Streamlines  above  this  one  have  higher  kinetic  energies  and  enter  the 
rccompression  zone  with  a  remaining  velocity.  Streamlines  below  have 
lower  kinetic  energies  and  are  unable  to  escape  through  the  recompression, 
but  arc  turned  back  to  recirculate  in  the  (nearly)  dead-air  space.  If  there 
is  no  secondary  flow,  the  conservation  of  mass  in  the  dead-air  region  re¬ 
quires  that  the  j  and  d  streamlines  be  identical.  Chapman  did  not  in¬ 
clude  the  possibiHty  of  s’condary  but  Korst  distinguished  between 

these  two  streamlines  and  pictured  the  space  between  them  as  a  sort  of  cor¬ 
ridor  through  which  mass  would  flow  into  or  out  of  the  trapped  "dead-air" 
space.  All  that  remains  for  a  stable  pressure  solution  is  knowledge  of  the 
velocity  profile  in  the  viscous  layer  in  tne  vicinity  of  the  reattachmen*'. 
Fortunately,  the  profiles  approach  a  fully-developed  shape.  Independent  of 
streamwise  location  i' except  for  width)  if  the  jet  is  sufficiently  long  com¬ 
pared  to  the  boundary  layer  thickness  to  allow  the  influence  of  the  initial 
boundary  layer  to  die  out.  This  "thin  boundary  layer"  situation  gives  a 
unique  pressure-geometry  solution  independent  of  scale  for  two-diinension>*.l 
back-steps.  The  mixing  theories  were  derived  to  provide  profile  Information 
for  this  solution. 


IURBULEuT  FREE-JEi  MIXING  (KORSI) 

A  theory  for  constant  pressure,  turbulent  mixing  of  an  isoenergetic  free 
jet  was  developed  by  H.  H.  Korst  at  the  University  of  Illinois  (Ref.  4). 
Application  of  this  theory  to  two-dimensional,  isoenergetic  base  pressure 
type  problems  were  made  in  Refs.  5  and  6,  and  tables  were  computed  to  make 
secondary  flow  problems  tractable  (Ref.  7).  Extension  to  non-isoenergetic 
jets  (differing  stagnation  temperatures  in  the  free  stream  and  "dead-air" 
regions)  was  made  by  Page  (Ref.  8),  by  including  energy  equation  in  the 
basic  development.  Tables  and  curves  were  then  published  to  permit  rapid 
calculations  for  general  non -isoenergetic  back-step  type  flows,  (Ref.  9} 
and  the  methods  presented  in  Ref.  10.  Further  extensions  were  made  to  in¬ 
clude  the  streamwise  momentum  of  a  secondary  flow  (Ref.  II  and  12)  and  the 
interaction  of  two  supersonic  streams  separated  by  a  rearward-facing  surface 
(Refs.  12  and  1^).  Similar  axi-uymmetrlc  problems  were  treated  in  Ref.  14. 

The  most  complete  resume  of  all  this  work  is  given  in  Ref.  10.  Transient 
base  pressure  situations  have  also  been  successfully  treated  (Refs.  1^  and  I6). 

The  mixing  theory  starts  with  an  equation  of  motion  simplified  as  in 
muse  boundary  analyses.  Since  turbulence  is  present,  the  eddy  viscosity 
(or  "turbuirnt  evrbangc  co-ef ftrient")  term  apne.irs.  A  functional  form  is 
given  for  the  eddy  viscosity,  following  c'ortler,  and  a  transformation  of 
co-ordinates  is  introduced  to  simplify  the  differential  equation.  A  solu¬ 
tion  is  then  obtained  for  the  velocity  ratio  (local  velocity  divided  by 
adjacent  free-stream  velocity)  as  a  function  of  a  position  parameter 

"  (sy/x  where  x  and  y  are  Intrinsic  co-ordinates  in  the  streamwise  and 
normal  directions,  and  a  is  a  similarity  parameter.  The  a  parameter 
represents  the  rate  of  jet  spreading  with  length  and  is  a  function  of  Mach 
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number  rfiid  f  luid.  The  resulting  "fully  developed"  profile  which  is  asymp¬ 
totically  approached  is: 

“/up  =  -  (1  +  erf  ). 

A  second  term  added  to  the  right  side  of  the  equation  gives  the  decaying 
initial  boundary  layer  contribution. 

Conservation  of  mass  and  mnnent'>m  are  sutticierit  to  specify  the  j 
ttxeanilino  velocity  and  the  location  of  the  intrinsic  streamlines  with  res¬ 
pect  to  the  boundary  of  an  inviscid  jet  having  the  same  properties  as  the 
free  stream,  Tables  and  charts  giving  integrated  mass  flow  below  a  given 
streamline  npr-^i  t  secondary  flows  to  be  calculated.  These  integrations  are 
functions  of  the  total  temperature  ratios  of  the  two  streams  for  non- 
isoenergetic  cases. 

For  fluid  amplifier  application,  the  above  can  be  summarised  as 
follows : 


»r»» 

i.  i 


I'iiAi.i'io  ini:.Ufvi 


(fiORST) 


VATIATI0N3  WHICH  HAVE  BEEN  TREATED: 

1,  Eccendary  Flaw  at  Zero  Moiiieiituui, 

.')  Heat  Transfer  to  Dead-Air  Region. 

)  Various  Cases, 

''  '  r. t 2c *■  icii  rt  Tv.*o  Strcarr.^ 

)  Transient  Conditions. 

TREATF.n  IN  SPECIAL  CASES  ONLY: 

1)  Momentum  Effect  of  Secondary  Stream. 

2)  Influence  of  Oncoming  Boundary  Layer, 

LIMITATIONS : 

1)  Constant  Pressure  Along  Mixing  Region. 

2)  Empirical  Data:  For  Secondary  Flow  Solution  Jet  Spreading 

Parameter  Needed.  This  is  Function  of  Fluid  and  Mach  Number. 


LAMINAR  FREE -JET  Ml  "INC  THEORY  (CHAPMAN) 

The  theory  of  laminar  mixing  developed  by  Dr.  Dean  R.  Chapman  of  Ames 
laboratory,  NACA/NASA,  was  presented  ir.  Ref.  IJ,  and  applied  to  base  flow 
problems  in  Ref.  l8.  More  extensive  application  and  evaluation  is  given 
by  Cliapman  in  Rei.  I5  and  mure  recently  by  Beheim  in  Ref.  20.  The  method 
has  not  been  developed  to  nearly  the  same  extent  as  the  turbulent  theory 
tor  two  reasons: 

(a)  Laminar  separated  flows  are  not  so  likely  to  occur,  since  they 
are  r.otyrlously  unstable.  At  atmospheric  conditions  and  moderate  super- 
sunic  veluclLies,  laminar  mixing  regions  experience  transition  to  turbulent 
within  a  few  tenths  of  an  inch.  However,  Chapman  warned  (Ref.  I9)  that 
high  altitude  hypersonic  flight  conditions  would  return  laminar  free  jets 
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to  prominence  in  aerodynamics.  Similarly,  small  sizes,  low  densities,  and 
high  temperatures  will  tend  to  present  fluid  amplifier  designers  with  stable 
laminar  jets, 

(b)  The  second  cause  for  incomplete  development  came  from  a  fortui¬ 
tous  simplification  in  the  solution  for  simple  back-step  base  pressure. 

The  velocity  ratio  of  the  j  (dividing)  streamline  was  found  to  be  almost 
constant  ior  air,  nearly  independent  of  adjacent  free  stream  Mach  number 
and  only  slightly  influenced  by  the  specified  temperature-viscosity  rela¬ 
tionship.  This  permitted  the  expressing  of  base  pressure  in  a  simple  equa¬ 
tion  dependent  only  un  Mach  number  and  pressure  of  the  oncoming  stream 
(section  of  Figure  j).  Thus,  part  of  the  incentive  for  detailed  de¬ 
velopment  was  removed. 

Chapman  also  began  with  a  simplified  equation  of  motion, 


This,  together  with  the  continuity  relation  and  a  simplified  energy  equa¬ 
tion,  was  solved  with  the  aid  of  the  following  approximations  or  simplifi¬ 
cations  : 

a)  Perfect  gas. 

h)  Prandtl  number  ic  unity.  m 

c)  Viscosity  is  related  to  temperature  by  ■  C  f^j  t  where  C  Is 

a  constant  depending  on  T  and  !•>  ,  '2/  jg 

a  constant.  X  The  exponent,  u).  Is  O.76  for  air,  but  little  effect 
is  seen  on  the  velocity  by  the  use  of  oa  ■  1.0,  a  simple  linear 
relation. 

d)  The  boundary  layer  at  the  separation  corner  is  negligible  in  thick¬ 
ness  so  that  similar  profiles  exist  in  the  separated  flow  mixing 
zone. 


A  transformation  of  co-ordinates  was  effected  by  use  of  the  stream 
function  ar>d  a  solution  for  the  velocity  profile  could  be  found  by  numeri¬ 
cal  Integration.  The  resulting  velocity  was  expressed  as  a  function  of  a 
modified  stream  function.  No  single  profile  resulted,  but  a  family  having 
M2,  the  adjacent  free-stream  Mach  number,  as  the  parameter.  The  profiles 
can  be  converted  to  physical  co-ordinaces  by  means  of  a  simple  quadrature. 
(See  Ref.  I7  for  profiles.  ) 

Alchough  secondary  flow  problems  have  not  been  considered  in  the  for¬ 
mulation  of  the  theory,  Che  possibility  of  doing  so  is  intrinsic  in  the 
theory  (Ref,  21).  A  brief  development  of  this  is  given  in  Che  Appendix. 
Further  extension  to  be  applicable  to  gases  other  than  air  requires  only 


*  This  exponentlcl  relation  for  viscosity- temperature  has  since  become 
quite  widely  used  in  boundary  layer  analysis. 
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a  saLisCactory  viscosity-temijcratiin  relation.  The  interaction  of  two 
supersonic  streams  should  also  be  capable  of  treatment.  Although  much 
more  difficult  the  non-isoei-.ergetic  laminar  jet  mixing  should  be  possi¬ 
ble  to  analyze  by  the  Chapman  approach.  Experimental  verification  should 
be  sought,  however,  before  confidence  can  be  establisbcd  in  each  of  these 
extensions. 

One  feature  of  the  Chapman -Korst  model  requires  some  discussion.  The 
d  sLreamiiiie  wliich  stagnate;;  at  a  reattachment  wall  is  pictured  as  per¬ 
forming  this  rec impression  isentropically.  When  one  notes  that  the  strean- 
line  is  in  a  viscous  region  with  thermal  gradients,  it  seems  clear  that  the 
t low  along  a  streamline  is  neither  adiabatic  nor  reversible.  Yet  experi¬ 
mental  verification  seems  conclusive  that  isentropic  relations  describe 
the  prcs.sure-vcloclty  exchange.  In  Ref.  10,  a  discussion  and  explanation 
appears,  in  which  the  isentropic,  but  diabatlc  and  irreversible,  process 
is  shown  to  be  likely  for  turbulent,  isoenergetic  mixing.  However,  it  re¬ 
mains  questionable  for  hichly  non-isoenergctic  mixing  and  for  large  secon¬ 
dary  flow  rates. 

In  summary,  then,  for  fluid  amplifier  usage: 

LAMINAR  MIXING  THEC«Y  STATUS  (CHAPMAN) 

NOT  WELL  DEVELOPED  DUE  TO; 

1_  Limited  Occurence. 

''  Simple  Solutiuii  Resulted  For  Base  Pressure. 

VARIATIONS  WHICH  SHOULD  BE  TREATABLE: 

1)  Secondary  Flow 

2)  Heat  Transfer  to  Dead-Air  Region 

5)  Various  Gases. 

a)  Interaction  of  Two  Streams. 

LIMITATIONS : 

1)  Constant  Pressure  Along  Mixing  Region. 

2)  Simple  Viscosity-Temperature  RelaLlou. 

5)  Prandtl  Number  of  One. 

4)  No  Initial  Boundary  Layer. 


EXAMPLE  OF  APPLICATION 


An  example  of  the  application  of  the  turbulent  theory  to  a  boundary 
layer  typo  component  has  been  calculated.  The  configuration  is  shown  in 
Figure  4.  Here  a  M  *  2  air  flow  separates  from  the  walls  of  a  nozzle  pro¬ 
ducing  uniform^  parallel  flw.  For  this  cxa.r.plc,  the  ambient  pressuit;  baa 
been  made  equal  to  Che  nozzle  exit  pressure.  If  this  were  not  true,  dis¬ 
turbance  lines  would  originate  at  the  opposite  (top)  separation  corner, 


*  Chapman  has  suggested  that  this  can  be  done.  (Ref.  1/,  p.^) 
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BRiAK-AWAY  LENGTH 


and  the  free  Jpt  would  be  curved.  The  curved  path  ot  an  inviscid  jet 
boundary  under  similar  conditions  would  then  be  found  by  the  method  of 
chacacterisf ics,  and  rhe  recompression  turning  angle  would  be  given  by 
this  path, 

For  the  straight  Jet  boundary  assumed  here,  the  reattachment  point  is 
a  function  of  the  pressure  and  the  geometry.  For  fixed  wall  geometry  the 
pressure  in  the  separated  region  can  be  increased  by  adding  a  secondary 
flow  of  mass,  thus  moving  the  reattachment  point  downstream.  When  the 
center  of  the  mixing  region  *  reaches  the  wall  termination,  break-away  of 
the  If't  from  the  wall  is  eminent. 

The  calculations  can  be  performed  with  the  aid  of  standard  isentroplc 
flow  tables  plus  Figure  lj5  of  Ref,  10,  The  effect  of  secondary  stream  mo¬ 
mentum  is  not  Included  in  this  analysis,  but  would  cause  the  break-away  to 
occur  at  slightly  lower  G  values.  Such  a  calculation  can  be  performed 
for  laminar  regions  by  utilizing  the  relations  presented  in  the  Appendix, 

CCNCLUSICNS 

The  two  Jet  mixing  theories  discussed  herein  can  be  applied  immediately 
with  confidence  to  many  plane  flow  fluid  amplifier  problems.  In  order  to 
treat  a  wider  range  ot  such  problems,  it  is  the  author's  recommendation 
that  the  following  work  be  attempted  by  those  concnriieil  with  fluid  ampli¬ 
fiers; 

Experimental  Work: 

1.  Verification  of  the  predicted  laminar  Jet  entrainment  rates. 

The  theory  predicts  that  laminar  entrainment  is  proportional 
to  the  square  root  of  the  Jet  length,  rather  than  being  pro¬ 
portional  to  the  first  power  of  length  as  is  well  verified 
for  turbulent  Jets, 

2.  Determination  of  Jet  spreading  rate  parameters  for  turbulent 
free  Jets  for  gases  other  than  air,  and  for  air  at  high  tem¬ 
peratures. 

Evaluate  the  effec^f  secondary  flow  on  the  laminar  Jet  sta- 
b  '.lity, 

4,  Evaluate  the  effect  of  heat  transfer  across  the  jet  (non- 
Isoenergetic  mixing)  on  laminar  free  Jet  stability. 

Analytical  Work: 

I.  Alter  Chap^Fian's  theory  to  Include  the  Influence  of 

(a)  the  initial  boundary  layer, 

(b)  dlttering  stagnation  tenperatiires  ( non-lsnenergetic  mixing). 

(c)  various  gases. 

(d)  transient  conditions. 


*  Actually,  the  "d"  streamline. 
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2,  Study  the  effect  of  irnpinging  compression  or  expansion  w^ves 
on  turbulent  profiles.  (may  be  experimental,  also.) 
Calculate  V)oundary  layer  influence  decay  rates  for  several 
representative  cases. 

4.  Attempt  to  include  the  effect^of  transverse  momentum  of  sec¬ 
ondary  flows  in  the  analysis. 

b.  Extend  ‘■ho  analytical  model  to  Include  the  "fully  developed" 
jet,  i.e. ,  no  remaining  isentropic  cere. 

o.  Define  the  range  of  applicability  of  the  assumption  of  isen¬ 
tropic  recompression  of  the  "d"  streamline. 

7.  Explore  the  possibility  of  making  a  similar  analysis  of  sub¬ 
sonic  free  jets. 
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APPENDIX 


An  cxLriislon  of  the  Chapman  laminar  Jet  mixing  theory  can  be  made  to 
permit  the  calculation  of  mass  passing  between  two  streamlines  In  the  mix¬ 
ing  region.  This  calculation  is  necessary  for  problems  involving  secondary 
flows  or  transient  conditions. 

Referring  to  Ref.  I7,  we  shall  adopt  the  simple  viscosity-temperature 
relation 


where  p  Is  the  absolute  viscosity,  T  stream  temperature,  and  C  and 
03  are  constants.  The  subscript  oo  refers  to  the  adjacent  free  stream 
and  the  unsubsccipted  symbols  refer  to  local  condition  in  the  mixing  region. 
Dimensionless  variables  used  are: 


^  "VhXo  xC 

Here  v  is  kinematic  viscosity,  x  the  length  of  the  separated  flow,  and 
ijr  the  stream  function.  Thus,  ^  is  a  medified  stream  function.  In  Ref. 

17,  a  plot  of  u*  vs.  ^  is  given. 

The  mass  rate  per  unit  width  flowing  between  Che  two  streamlines  "d" 
and  "j"  is 

where  p  is  density  and  u  and  v  are  velocity  components  in  the  x  and 
y  directions. 


From  the  definition  of  the  stream  function, 
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From  tho  definition  of  ^  , 


With  X  held  constant,  dy  can  be  expressed: 


MC  =  (c-  r,) 

Some  values  of  C  for  air  are  suggested  in  Ref.  I7  as  functions  of  M«t>  ■ 
Ref.  I9  presents  a  discussion  of  the  uj  value,  which  for  air  is  almost  a 
constant  0.^87  for  Mach  numbers  between  0  and  Thus,  can  be  found 
from  Figure  2  of  Ref.  I7  to  be  a  small  negative  number  (about  -O.Ol). 

Thus,  for  known  free  stream  conditions,  and  u.  "  f(^j)  arc  in  a 
fixed  relationship.  The  recompression  pressure,  which  must  be  matched 
with  u  ,  provides  the  accompanying  free  stream  condition.  These  must  be 
satisfied  simultaneously  for  a  stable  secondary  flow  solution. 
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Onrshan  S.  Docanjh 
Wllllari  J.  Gheeran 

Mechanical  Rnginecring  Department 
Syracuse  UnlversiLy 


Suimnary 

Exiieriments  on  the  Interaction  of  transversehy  impinging  Jet  flows  were 
performed  in  which  a  low  pressure  control  jet  flow  interacted  with  a  rela- 
tIvpTy  n  I /Th  power  Jot  Tlov.  rstio  oT  the  control  the 

power  jet  supply  chamber  gauge  stagnation  pressure  was  varied.  Both  two- 
dimensional  and  axlnyiniT>etric  jets  were  used.  Shadowgraphs  of  the  power  jet 
alone  as  well  as  of  the  corresponding  interacting  jet  flows  were  recorded  to 
establish  the  nature  of,  and  changes  in,  the  shock  structure.  The  two-dimen¬ 
sional  jet  flows  were  traversed  by  a  pitot  tube  tn  record  pitot  pressure  at 
various  locations  downstream  of  the  power  jet  exit. 

it  was  obser/ed  that  the  impingement  of  only  two  per  cent  control  Jet 
flow  was  sufficient  to  change  the  normal  shock  front  of  the  higlily  under- 
expanded  two-dimensional  Jet  flow  to  a  repetitive  oblique  shock  structure. 

A  considerable  increase  in  the  corresponding  maximum  pitot  pressure  down¬ 
stream  of  the  previous  location  of  the  nomal  shock  was  recorled.  Possible 
Importance  of  this  phenomenon  to  fluid  amplifiers  using  such  highly  'inder- 
pxpanded  power  jet  flews  is  pointed  out. 

Professor  of  Mechanical  Engineering 
Graduate  Student,  Mechanical  Engineering  Department 
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'Tie  behavior  of  tlio  impinging  axisymmetrlo  jet  flows  was  observed  to 
be  conriiderably  different  from  that  of  the  two-dlmenclo.-ia'’  race.  This  as 
well  as  other  obser'ratiors  such  as  the  deflection  angles,  pressure  recoveries, 
entralninent  charaeteristlcs  etc.,  of  the  interacting  jet  flows  are  discussed. 
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Symbols 

Jet  flow  deflection  angle  measured  with  reference  to  transverse 
pivot  point  of  x/v  = 

Jet  width 

Control  let 

Jet  nozzle  exit  dlaineter 

Jet  flow  deflection  angle  measured  with  reference  to  intersection 
point  of  power  and  control  jet  nozzle  axes. 

Pressure  gain  of  pneumatic  amplifier 

Static  pressure 

Ambient  pressure 

Stagnation  pressure 

Control  Jet  settling  chamber  stagnation  pressure  in  psla 
Control  jet  settling  chamber  stagnation  pressure  in  psJg 
Power  jet  settling  chamber  stagnation  pressure  in  pal» 

Power  jet  settling  chamber  stagnation  pressure  in  psig 

Local  jet  flow  pitot  pressure 

Local  jet  flow  centerline  pitot  pressure 

Power  Jet 

Density 

Control  jet  settlliig  chamber  stat^natlon  teinpexatui'e 
Power  jet  settling  chamber  stagnation  temperature 
Angu'’ar  location 
Velocity 
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.  10ZZ  «.  exlL  vldth 


X  'li.Lanfc  •casjrt.'J  al  iiir  I'jvor  Jot  nozzlo  centerline  I'rcm 

f^w,-r  jct  exit 

.y  Distance  i.mrnrtu  along  control  Jet  nozzle  centerline  from 

■jiitrol  Jt_t  cv  It 


Introaoction 

In  the  ast  decade  the  probler^  asRcciated  with  the  interaction  of  jet 
w.  i  r.li  e ^ f'f  p. '  *' '■  V  }  *iY*^  sssuiTi^'J  ifici’cc*? iir.porwSnCw  •  Cuc^* 

piv.hier.E  are  l-portaiit  li»  tlie  reauctiun  of  noise  from  rockets  and  high  speed 

12^ 

J'^t  aircraft  .  lift  augnitjnf.atlon  techniques  ,  cooling  of  re-entry  vehicles'', 

h 

•  d':!:  ,:  jf  liquid  prcj.'o Hunts  in  rocket  engines  and  thrust  vectoring  of  rocket 

exhausts.  More  recently  the  re  has  been  the  development  of  fluid  op.»rated  con- 

6 

tr  1  and  co."  nmation  systems,  both  here  In  the  United  States  and  in  Russia^’  . 

'file  laclc  sab-system  of  _ 1  ^f  these  rystema  Ik  fhp  fluid  amplifier  which 

servos  a  purpose  similar  to  the  electronic  atip^ifler  in  that  It  directs  and 
controls  the  fluid  I'iow  energy.  In  a  pure  pneuiiatic  amplifier  a  low  energj' 
jet  flow  (inpi't  nr  control  jet)  is  used  to  direct  a  high  energy  Jet  flow 
(output  or  power  jet)  to  a  receiver  nr  tmnrHurer.  The  pressure  gain,  G,  of 
such  a  pneumatic  amplifier  may  be  defined  as: 


verwd  to  rect-ivwi 

Control  Jet  pressure  needed  to  direct  the  power  jet  to  the  receiver 
From  the  existing  expericienta I  and  analytical  literature  on  free  jet  char¬ 
acteristics,  it  may  be  proposed  that  for  the  pneumatic  amplifier 


G  -  G(P^p  ,  Pgp  ,  x/w  ,  b  ,  b  , 


whoia  and  P^„  are  the  absolute  .starnstion  pressu'rn.r  in  the  rupplv  chambers 
OP  OC 

of  the  power  and  control  Jets,  respectively;  x  is  the  axial  distance  from  the 
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Figure  1.  Illustration  of  interacting  jets  and  imrortant  flow  parameters. 
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Fowor  Jet,  exit;  w  Ic  the  Jet  ncrzle  width;  5  is  the  tir.Gle  of  deflection;  and 
b  is  the  Jet  flew  width.  (8ee  Fig.  1  for  this  notation  as  applied  to  one  of 
tlie  arrangerrents  used  in  these  studies.)  Tf  the  intcraotlng  Jet  flows  are 
supersonic  with  their  attendant  shock  structure,  additional  complexities 
arise  in  attcrpting  to  predict  the  behavior  of  such  an  amplifier. 

To  shed  some  liglit  on  these  pr  hlerns  basic  investigations  of  the  inter¬ 
action  of  hlgli  spxied  jet  flows  have  been  carried  on  in  the  Mechanical  Engi¬ 
neering  r  pcrtr.ent  at  Syracuse  University,  on  an  off  and  on  basis  for  the 
last  two  years .  Tl.o  studies  were  initiated  unuei-  the  support  of  the  Uiamond 
Orii.aiice  Fuze  laloratorles  in  order  to  evaluate  the  interaction  of  high  siseed 
jets  in  relation  to  their  possible  use  in  pneutratic  amplifiers.  Under  DOFL 
RUTJr'nrt  .TnnA  ^ •T**n*^  sxpcrirncr.tiil  Tciciliwy  vex-  coriL»L2*uc‘tc».'i 

and  preliminary  data  were  taken.  During  July  and  August  of  I96I  experiments 
were  continued  under  support  of  th“  Mechanical  Engineering  Department.  More 
recently  a  ten  week  study  was  carried  on  by  Mr.  Jeff  Asher  an  undergraduate 
at  Syracuse  University  and  a  holder  of  a  IJational  Science  Fo'undation  Under¬ 
graduate  Research  Stipend.  A  complete  account  of  the  experimental  work  done 
from  Jane  lybO  to  August  1961  was  reported  in  the  Syracuse  University  Research 
Corporation  Report  DSL  R-65,  "Interaction  of  Confined  Two-Dimensional  Trans¬ 
versely  Impinging  Jets'"  which  was  submitted  to  DOFL  in  August  of  I96I.  The 
present  paper  includes  some  of  the  basic  experimental  findings  of  the  past 
two  years  including  the  behavior  of  the  shock  structure,  pressure  recoveries, 
entrainment  characteristics,  and  deflection  angles  of  the  Interacting  jet 
flows , 
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] .  Compressed  Air  feclllty  and  Pressure  Control  System 

The  scheiiiatio  arrangement  ol’  the  compressed  air  facility  a«ed  in  these 
studies,  including  the  compressor,  storage  tanks,  oil  filter,  and  dryer  is 
shown  in  Fig.  2.  The  two-stage  air  compressor  has  a  pumping  capacity  of 
270  cfm  with  a  rnaxlmum  obtainable  pressure  of  5!?0  pslg.  The  compressed  air 
storage  tanks  have  a  total  capacity  of  cu.  it..  The  air  flowing  from 
these  tanks  passes  through  an  oil  filter  and  an  electrieally  reactivated 
dryer  which  employs  silica  gel  and  molecular  sieves  as  drying  agents.  As 
a  result  of  the  long  flow  patn  involved  between  the  storage  tanks  and  Jet 
nozzles,  the  air  supply  process  was  found  to  be  isothermal.  From  the  throttled 
iflotharmal  expansion  How  relation,  and  for  the  Jet  areas  Involved,  it  was 
found  that  for  Just  choked  Jet  1‘iows  almost  8  hours  of  lain  time  is  available 
with  this  system. 

In  gathering  the  experimental  data  on  the  interacting  Jets  it  was  im¬ 
perative  that  the  supply  pressures  of  the  power  and  control  Jets  be  inde¬ 
pendently  controllable  to  any  level  a.nd  that  this  pressure  remain  constaiiL  at 
the  desi.cJ  setting  even  when  the  iialn  storage  tank  pressure  falls  over  an 
extended  range,  say  to  ^  psig,  during  t'^e  run.  Micro-flow  diaphragm 
control  valves  were  used  for  precise  control  of  the  stagnation  pressure  in 
the  settling  chambers  of  the  Jets  over  the  entire  anticipated  range  of  operation, 
0-550  psig.  The  arrangement  of  the  control  valves  along  with  their  control 
system  is  shown  in  Fig.  5-  '■’ith  the  I/52"  x  5/S"  Jet  exit  area  used  in 
these  studies,  a  maximum  weight  rate  of  flow  of  U.5  Ib/mln  at  a  settling  cham¬ 
ber  pressure  of  500  psig  was  to  be  controlled.  Since  it  was  planned  to  use 
smaller  Jet  exit  areas  and  subsonic  exit  velocities,  the  range  of  possible 
welglit  flow  rates  necessitated  the  use  of  two  different  control  valves  for  each 
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of  tlie  two  Jets.  A  high  marc  flow  rotw  '/O-lvf'  which  could  control  from  GO 
to  1  .‘j  ppm  was  installed  in  lurallel  with  a  low  mass  flow  rate  valve  which 
could  control  G.OO?  to  0.9  ppm,  for  each  Jet  supply  system.  Since  the  power 
and  control  .lets  were  used  at  various  independent  settings  they  had  inderiendent 
control  systems.  One  i  ronsuro  pilot  was  installed  to  control  both  the  high 
and  low  mass  flow  rate  valves  in  each  jet  supply  line  since  only  one  of  the 
two  valves  was  to  be  used  at  a  time. 

2.  Jet  Arrangements  and  Test  Section 

The  details  of  the  two-dimensional  jet  nozzles  used  in  these  studies  are 
shovm  in  Fig.  U.  All  the  two-dlmenslora  1  nozzles  used  were  identical  in  con¬ 
struction  having  small  -x  "  x  p/l6"  supply  chambers  which  converged  to 

the  1/52"  X  ^/t"  (asrect  ratio  of  12)  nozzle  exits.  Ihc  leaking  of  air  and 
the  deflection  of  the  converging  nozzle  side  elorrcnts,  vitli  the  attendant 
increase  in  exit  area,  at  tne  higher  pre.ssures  offered  the  main  design  problemis 
for  the  nozzles.  After  much  trial  and  error  a  suitable  groove -gasket  arrange¬ 
ment  was  found  to  completely  seal  the  nozzle  blocks.  Tlie  converging  pieces  of 
the  final  design  were  Bucli  tliat  only  a  2.p  per  eenl  iticx’ease  in  the  exit  area 
occurred  at  a  supply  chamber  pressure  of  200  psig. 

The  sketch  of  Fig.  1  shows  one  of  the  Jet  arrangements  used  and  Fig.  k 
shows  the  test  section  used  in  conjunction  with  this  particular  arrangement. 

The  power  jet  and  control  jet  nozzle  centerlines  wei-o  perpendiculnr  to  each 
other,  as  they  were  in  all  the  arrangements,  with  the  control  jet  nozzle  sixls 
lo^a+ed  at  x/v  -  1  downEtr'’'im  of  the  power  jet  exit  and  the  control  jet  exit 
located  at  y/w  =  2  lYom  cne  power  jet  nozzle  axis.  Tlie  jet  width  w  is  the 
1/52"  exit  dimension,  x  is  measured  along  the  power  jet  nozzle  a>:is  from  tlie 
power  jet  exit  and  y  is  measured  along  the  control  Jet  nozzle  axis  from  the 
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Figure  4a,  Jet  arrangement  and  probe  traversing  mechanism. 
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Z7.1 


Figure  -lb.  Test  ie'tion  and  traversing  nu-eliaiusni  for  1  ai> 

1-Z-ID  arrangement!:. 


conbrol  ,;t:t  exit.  As  shovni  in  the  sketch,  no  pap  was  provided  i’or  free  en- 
'’'•inmont  uf  air  hetween  the-  pov/or  and  control  jet  nozzles.  Since  the  other 
side  of  the  pover  jet  vas  anohstracted ,  the  resulting  entrainment  to  the  jet 
I'lcw  was  asymmetric  for  this  particular  arrangement.  This  arrangement  was 
referred  lo  us  the  1-2-1  arrkngement ;  the  fix-t>t  figure,  1,  refers  to  the  x/w 
distance  from  the  power  jet  exit  to  the  control  jet  nozzle  centerline;  the 
second  figure,  2,  refers  to  the  y/w  distance  from  the  control  jet  exit  to  the 
power  jet  nozzle  centerline;  and  the  letter,  I,  stands  for  insert  which  indi¬ 
cates  no  entrainment  allowed  between  the  nozzles.  This  arrangement  along 

-f-Vx  •♦■Vs^a  ^IT****^  yr*n  4-  A  ta  TIM  rr  ^  A  ^ 

To  eliminate  the  entrainment  asymmetry  oi  arrangement  1-2-1  some  data 
were  recorded  with  a  dummy  jet  nozzle  in  position  as  shown  in  Fig.  this 
arrangement  bi!lng  referred  to  as  1-2-ID.  'Ihe  other  arrangements  shown  in 
Fig.  5  were  used  in  a  different  test  section  than  that  showr,  in  Fig.  w.hich 
was  for  the  1-2-1  and  1-2-ID  arrangements;  however,  the  Jet  nozzle  constru¬ 
ction  was  similar.  The  flov.'  characteristics  of  the  12-12-0  arrangement 
(letter  0  indicates  free  entrainment  between  nozzles)  are  compared  with  those 
of  the  1-2-1  and  1-2-ID  arrangements.  The  majcrlty  of  the  results  discussed 
in  this  paper,  however,  were  recorded  with  che  1-2-1  and  its  associated 
1-2-ID  arrangement. 

HiC  test  section  and  traversing  mechanlsn.  for  the  1-2-1  and  1-2-ID  Jet 
arrangements  are  shown  in  Figs.  it.  A  curved  pitot  probe  was  employed  for 
pressure  measurements  so  as  to  minimize  obstruction  to  the  flow  by  the  probe. 
The  sensing  portion  of  the  probe,  the  tip  of  which  could  be  located  at  various 
axial  distances,  x/w's,  downstream  of  the  power  jet  exit,  was  5/8"  long  with 
a  0.0285"  outside  diameter.  The  outside  diameter  of  this  censing  portion 
gradualli'  opened  in  a  distance  of  1  I/8"  to  the  full  5/16"  outside  diameter 
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Figure  5.  Jet  arrangements. 
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of  tlie  tnain  nHtot  tube  rstein.  It  was  found  that  any  interference  by  the  curved 
probe  itself  on  the  recovery  jet  flow  i-dto'.  pressures  was  necligible  compared 
to  the  pressures  actually  recorded.  A  strain  gage  pressure  transducer  was 
Rounted  either  directly  on  the  end  of  the  probe,  as  shown  in  Figs,  h,  or  re- 
mote  from  the  tube;  the  particular  arrangement  depending  on  the  'magnitude  of 
the  pitot  pressures  encountered.  For  recovery  pitot  pressures  less  than  100 
p^sig  a  snalier  transducer  mounted  directly  on  the  end  of  the  probe  could  be 
used,  while  for  pitot  pressui'es  greater  tlian  100  psig  a  Mglier  capacity  trans¬ 
ducer  had  to  he  used.  The  larger  transducer  was  too  heavy  for  the  traversing 

flexible  high  pressui'e  tube.  Hie  traversing  mechanism  for  this  test  section 
pivoted  about  the  point  x/v  — 2'^  (see  Fig.  l),  giving  a  nearly  straight 
pitot  tube  traverse  at  right  angles  to  the  Jet  flow  centerline,  for  most  of 
the  flows  encountered  in  these  studies. 

To  avoid  the  very  difficult  problem  of  affecting  a  leak  proof  seal 
between  the  glass  windows  and  the  metallic  nozzle  blocks  for  high  operating 
pressures,  and  to  avoid  stressing  the  interferometric  quality  optical  glass  itself. 
It  was  decided  not  to  have  the  glass  cover  the  nozzle  exits.  Also  the 
impingement  point  of  the  interacting  Jet  flows  was  not  exposed.  The  test 
section  used  in  connection  with  the  12-12-0  and  its  associated  arrangements 
(Fig.  5)  was  similar  in  construction  to  the  one  shewn  in  Figs.  4  but  did  not 

fa#!  4  ^  *y.*r^** 

3 .  Instrumentation  and  Procedure 

The  experimental  eurrangement  for  recording  pressures  and  temperatures  is 
shown  in  Fig.  6.  Hie  general  arrangement  of  the  overall  instrumentation  is 
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shovTi  in  Fig.  J.  liowcvtr  the  int.^i-ferotneter  vac  not  usod  in  these  Invecti- 
gotiono; only  nhodowgraphl c  data  were  recorded. 

The  power  and  control  Jet.  r, apply  chamber  absolute  stagnati'in  pressures, 
PqP  and  respectively,  were  measured  in  large  settling  chambers  connected 
to  the  jet  nozzles  by  short  rigid  fittings.  Calibrations  revealed  that  the 
losses  in  stagnation  pressure  occurring  between  these  large  settling  chambers 
and  the  corresponding  small  nozzle  supply  chambers  Just  ahead  of  the  Jet  exits 
(see  detail  drawing  of  Fig.  ha.)  wore  negligible  (maximum  loss,  l/h  per  cent  of 
settling  chamber  pressure).  The  large  settling  chambers  were  constructed  from 
he.avy  1"  diameter  steel  pipe  about  2  feet  long  with  outlet  transitions  which 
tapered  smoothlj'  in  a  conical  shai.v?  from  the  k"  diameter  down  to  the  1/2” 
diameter  connection  to  the  two-dimensional  nozzle  block. 

Ihe  pitot  tube  strain  gage  pressure  transducer  arrangement  was  discussed 
earlier  in  connection  with  the  test  section.  The  pressure  recording  Instru¬ 
mentation  1C  shown  in  Fig.  6.  Hie  transversing  mechanism  (Figs,  i*)  moved  at 
such  a  slow  speed  chat  when  the  smaller  transducer  mounted  directly  on  the  end 
of  the  probe  was  used  the  response  time  of  the  pressui'e  recoi’dlng  system  was 
confirmed  to  be  fast  enough  to  allow  the  automatic  recording  of  the  Jet  pitot 
pressure  as  a  function  of  angular  location  (see  Fig.  15  for  an  c  iglnal  x-y 
rccoixlci  daua  sheet).  The  angular  location  was  indicated  by  the  output  of  a 
potentlonieter  attached  to  the  transversing  mechaiilsm  drive  shaft.  When  the 
heavier  transducer,  mounted  remote  from  the  pitot  tube,  was  used  the  pres¬ 
sure  resp'^rr?**  of  the  sycterr.  was  slowed  noticeably  so  that  a  point  to  point 
traverse,  rather  tbxn  a  continuous  one,  was  ncccscary.  All  the  transducers 
used  in  the  studies  were  calibrated  frequently  under  all  expected  ranges  of 
operation.  If  an  Independent  check,  on  the  x-y  recorder  data  was  desired  a 
manually  operated  pitot  tube  -  manometer  or  p*eBBure  gage  combination  was  used. 
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stagnation  temperatures  in  the  settling  chambers  of  both  jets,  Tqp  and 
were  recorded  at  frequent  intervals  during  the  operat'inn  of  the  Jets  by 
thermocouples  mounted  at  the  mldsections  nf  the  large  settling  chambers.  It 
was  established  that  these  stagnation  temperatures  did  not  vary  much  from  the 
ambient  room  temperature.  However,  the  smaller  supply  chambers  of  the  indi¬ 
vidual  Jets  gradually  cooled  when  the  jets  were  operated}  quantitative 
measurements  of  this  effect  were  not  made. 

During  the  course  of  these  investigations  spark  shadowgraphs  of  the 
interaction  of  the  Jet  flows  were  taken.  Recently  it  was  found  that  Kodak 
CoiitiTiiit  rrooesB  Oxtho  film  developed  at  higher  temperature  ana  longer  time 
than  recommended  gave  high  contrast  shadowgraphs.  In  previous  studies  the 
very  fast  Kodak  Rcyal  X-Rin  fiLn  was  used  with  an  attendant  loss  in  contrast. 

To  emphasize  the  shook  «!t^'’-:ture  in  the  flows  the  film  was  mounted  as  close 
as  possible  to  the  flow  while  to  emphasize  the  turbulence  and  sound  eiLlssion 
characteristics  of  the  Jet  flows  it  i«.s  mounted  farther  away.  Considerable 
difficulty  was  experieticed  with  oil  in  the  air  supply  dui’ing  the  photographic 
observations,  particularly  for  the  shadowgraphs  taken  this  past  Sumner,  ftirt 
of  this  oil  comtaminatlon  has  been  traced  to  the  oil  In  pressure  gages  used 
for  measuring  settling  chamber  pressures. 

Experimental  Observations  and  Discussions 

1.  Collapse  of  Normal  Shock  in  Highly  Underexpanded  Power  Jet  Flow 

During  the  course  of  the  Investigations  with  the  1-2-1  arrangement  and 
convergent  nozzles,  power  Jet  settling  chamber  pressures  of  200  and  500  pslg 
were  used.  The  usual  shock  structure  present  in  highly  underexpanded  Jet  flows 
was  observed®' Hie  shadowgraph  of  the  power  Jet  flow  alone  for  P^p  =  200 
psig,  as  shown  in  Fig.  7a,  Illustrates  this  shock  structure  which  consisted 
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Figure  7. 

Shadowgraph  of  interactir.g  two  dimenHional  jet  flows. 
Atmospheric  pressure  =  29.52”  of  Hg.  Room  temperature  =  71 
Pop  =  214.50  psia  Tqp  =  7l*F,  Tq^  =  71*F 

Arrangement  1-2-1 


of  intercepting  shocks  which  extend  Troin  the  nozzle  exit  downstream  to  the 
location  where  they  ai-e  connected  with  a  nomal  shock.  At  P^p  -  200  and 
5C)0  psig  this  tyisc  oP  structure  essentially  consisted  of  only  one  cell;  it 
did  not  repeat  in  the  dovTistream  direction  as  it  may  in  less  highly-under- 
expanded  flows .  Indicated  in  Figs .  Jh  and  b  are  the  power  and  control  Jet 
nozzle  axes  as  well  as  the  approximate  positions  of  the  jet  exits  which  are 
not  exposed  by  the  optical  window  as  stated  earlier.  The  reference  thread 
indicates  the  power  Jet  nozzle  centerline. 

Ibese  studies  revealed  that  \'hen  a  relatively  low  energy  control  Jet 
flow  was  transversely  Impinged  on  the  highly  underexpanded  two-dimensional 
lover  jet  flow,  with  the  i-mpingement  point  between  the  location  of  the  normal 
shock  and  the  Jet  exit,  the  shock  structure  of  the  highly  underexpanded  power 
Jet  flow  was  radically  crianged.  'Hie  normal  shock  disappeared  yielding  the 
familiar  rt  petitive  oblique  shock  or  diamond  structure  observed  in  less 
underexpanded  Jet  flows,  "nils  behavior  is  Illustrated  in  Fig.  7^  where  a 
10  per  cent  control  flow  impinged  on  the  power  Jet  flow  shown  in  Fig.  7a. 

Per  cent  control  is  defined  as  100  foc^^OF* 

For  pQp  =  200  pslg  the  normal  shock  was  located  at  x/w  =  7*7  and  the  con¬ 
trol  Jet  flow  impinged  at  x/w  =  1.  It  was  observed  that  as  little  as  2  per 
cent  control  flow  eidditlon  was  sufficient  to  cause  the  normal  and  intercept¬ 
ing  shock  pattern  to  change  to  the  oblique  or  diamond  shock  structure  for 
Pqp  =  200  psig.  The  shadowgraiii  confirming  this  Is  shown  in  Fig.  8b;  Figs. 

8a  nnd  c  correspond  to  Figs .  7a  and  b  for  zero  and  10  per  cent  control .  The 
heavy  dark  line  appearing  in  Figs.  6  is  a  reference  line  which  is  parallel  to, 
but  not  coincident  with,  the  power  Jet  nozzle  axis,  llie  shadowgraphs  of  Fig. 

8  were  taken  with  Kodak  Contrast  Process  Ortho  film  which  gave  much  better 
contrast  than  those  of  Fig.  7  which  was  taken  with  Kodak  Royal  X-lan.  However 
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Figure  8b.  2  per  cent  control. 


Figure  8c.  10  per  cent  control 


Figure  8a.  Shadowgraph  of  interacting  two-dimensional  jet  flows. 

O’per  cent  control  Atmospheric  pressure  -  29.46”  of  Hg 
Pqp  =  214.47  psia  Room  temperature  =  71*F 
Arrangement  1-2-1 


in  I’itjs.  the  streaks  due  to  the  oil  in  the  sujiply  air  are  apparent. 

In  order  to  record  the  effects  of  this  shock  sti^ucture  change  on  the 
jet  fTov  pressure  distribution  for  P^p  ==  200  pslg,  pitot  tube  traverses  were 
taken  at  x/w  =  10  (i.e.  downstream  of  the  normal  shock  location  at  x/w  =  7*7 
in  the  power  jet  flow  alone).  A  shadowgraph  taken  with  the  probe  at  x/w  =  10 
did  not  rev-eni  pnj.  detectable  change  in  the  shock  structure  shown  in  Figs.  7 
and  S.  ihe  plot  of  the  ratio  of  the  local  jet  flow  pitot  pressure  to  the 
power  jet  settling  chamber  pressure,  Pipj/^Qpj  versus  the  angular  location  in 
the  jet  flow,  &,  is  shown  in  Fig.  9-  "Wie  angv’.lar  location,  0,  is  measured  to 
either  side  (jf  uie  zero  per  cent  control  power  Jet  flow  centerline  and  with 
respect  to  the  pivot  point  of  the  traversing  mechanism  at  x/w  ®  -2^,  (see 
Fig.  l).  The  negative  angular  locations  are  measured  toward  the  control  Jet 
side,  the  direction  of  iii.,^li.,gement  of  the  control  Jet  flow  being  indicated  on 
the  plot  by  an  arrow.  Ihe  location  of  the  actual  power  jet  nozzle  centerline 
was  at  0  =  +1.25  approximately.  Indicating  that  the  zero  per  cent  control  power 
jet  flow  is  Initially  deflected  towards  the  control  jet  nozzle  because  of  the 
restricted  entrainment  from  the  control  Jet  side. 

The  central  low  pitot  pressure  region  in  the  zero  per  cent  control  airve 
corresponds  to  the  Jet  flow  that  passed  through  the  normal  shock.  The  pressuze 
in  this  region  is  only  about  21.5  psla  indicating  a  large  loss  in  the  jet  flow 
stagnation  pressure  across  the  normal  shock,  'ihe  higher  pressure  peed's  on 
either  side  of  the  central  region  correspond  to  the  flow  that  crossed  the 
intercepting  shocks  at  very  oblique  angles  and  therefore  experienced  a  reln- 
tlvcli^r'  less  severe  entropy  rise  (stagnation  pressure  loss). 

The  effect  of  the  addition  of  2  per  cent  control  Jet  flow  on  the  shock 
str.’.ot.ure  for  P^p  =  200  psig  and  the  corresponding  effect  on  the  pitot  pres- 
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ANGULAR  LOCATION  9,  IN  DEGREES 


cure  at  x/w  =  10  arc  shewn  in  FIrs.  8b  and  9  respectively.  A  smooth,  almost 
Oaussiiin,  pitot  pressure  distribution  results  with  a  large  increase,  from 
21.5  psia  to  almost  ll8  psia,  in  the  Jet  centerline  pitot  piessure.  Due  to 
the  sirall  deflection  angles,  this  could  be  utilized  in  a  single-receiver 
pneumatic  amplifier  yielding  a  pressure  gain  of  21+.1.  With  the  disappearance 
of  the  normal  shock,  the  mixed  flow  at  ;:/w  =  10  because  supersonic  causing  a 
bow  shock  wave  to  form  at  the  probe  tip,  resulting  in  the  probe  sensing  a 
lower  than  actual  Jet  flow  local  stagnation  pressure.  For  the  zero  per  cent 
control  power  jet  flow,  however,  the  centerline  pitot  pressure  of  21.5  pela 
is  very  nearly  the  actual  Jet  stagnation  pressure  at  x/w  -  10  since  the  Jet 
flow  downstream  of  the  normal  shock  is  subsoulu  and  thus  no  bow  shock  is 
formed  at  the  probe  tip.  Thus  the  increase  in  the  actual  Jet  flow  centerline 
stagnation  pressure  is  even  greater  than  ll8  psia.  Ihe  euidition  of  1.5  per 
cent  control  flow  was  not  sufficient  to  make  the  normal  shock  disappear  but 
it  did  alter  the  pressure  distribution  somewhat,  particularly  on  the  control 
Jet  side. 

It  sliould  be  mentioned  that  the  peak  pressures  on  either  side  of  the 
center  for  zero  per  cent  control  in  Fig.  9,  are  different  than  those  recorded 
earlier  euid  reported  ir  Refs.  7  and  11.  This  could  be  due  to  an  initial  mis¬ 
alignment  of  the  probe  for  the  transverse  shown  in  Fig.  9*  However  in  the 
central  region  of  the  flow  (more  Important  to  present  InvestlgatlonB ) ,  the 
observed  pressures  agreed  with  the  previous  ones. 

Pltct  pressure  profiles  were  also  recorded  at  x/w  =  5  which  is  upetrecun 
of  the  normal  shock  location  in  the  zero  per  cent  control  power  Jet  flow.  At 
this  location  the  zero  per  cent  control  plot  again  indicated  a  low  pressure 
central  region  with  peaks  on  either  side.  At  this  location,  however,  the  low 
pressure  central  region  corresponded  to  the  uniform  flow  between  the  Inter- 
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copLiiig  siiuckb .  Since  the  flow  in  this  central  region  was  supersonic  the  low 
pitot  pressure  recorded  was  due  to  the  ioscec  through  the  pitot  probe  bow  shock 

9 

wave.  Considering  Isentroplc  expansion  into  this  region  the  actual  Jet  flow 
stagnation  pressure  should  have  been  21^1.5  pcla  as  compared  to  the  pitot  pres¬ 
sure  of  53  psia  recorded  there.  Ihe  higher  pressure  peaks  again  corresponded 
to  tlic  flow  which  crossed  the  Intercepting  shocks  at  very  oblique  angles,  the 
stagnation  pressure  losses  being  less  severe  than  through  the  probe  bow  shock 
wave  in  the  central  region.  The  only  effect  that  the  addition  of  the  1.5  and 
2  ler  cent  control  had  at  this  location  was  the  slight  movement  toward  the 
center  by  the  pressure  peai;  on  the  control  Jet  side.  The  centerline  pitot 
pressure  and  the  pressure  distribution  on  the  far  side  of  the  Jet  were  un¬ 
affected.  Tnls  behavior  Indicated  that  at  x/w  =  5  the  addition  of  the  1.5  and 
2  per  cent  control  Just  affected  a  slight  relocation  of  the  intercepting  shock 
nearest  to  the  ooncrol  Jet.  (For  a  complete  discussion  of  the  10  and  15  per 
cent  control  flow  addition  at  x/w  =  10  and  5  for  P^p  =  200  pslg,  along  with 
the  proposed  mechanism  for  the  normal  shock  collapse,  see  Ref.  11.) 

The  minimus;  amount  of  control  Jet  flow  needed  to  cause  the  coliapae  of 
the  normal  shock  at  various  power  Jet  settling  chambei’  pressures  was  shadow- 
graphically  determined.  The  minimum  Pqq/^’qp  needed,  decreases  linearly  with 
increasing  P^p,  in  the  range  of  power  Jet  settings  used  (Fig.  lO).  However, 
the  absolute  value  of  the  minimum  P^^  (or  mass  flow)  Increaecd  with  increasing 
P^p.  The  experimental  observations  were  limited  to  P^p  >  115  pela  because 
the  nomal  shock  stTucture  is  not  present  at  lower  pressures.  With  these 
experimental  observations  as  a  guide,  analytical  prediction  of  the  minimum 
control  flow  needed  to  cause  the  collapse  of  the  normal  shock  structure  is 
being  attempted. 
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Tlif  collapse  of  the  noriiiil  shock  structure  In  hlghljr  uiiiierexpanded  flow 
with  the  correspotidlng  substantiol  jncrfORe  in  recovery  Jet  flow  stagnation 
pressure,  could  have  important  applications  in  noise  reduction  devices,  dlf- 
fusor  and  turbine  design,  thrust  vectoring,  etc,  as  well  as  in  the  design  and 
operation  of  pneumatic  amplifiers.  In  fact  one  may  generalize  and  state  that 
tnis  phenomenon  may  have  Important  practical  applications  in  fluid  flow  systems 
when  due  to  the  necesrlty  of  high  operating  pressures  the  dissipative  normal 
shock  front  is  unavoid''ble  while  at  the  same  time  it  is  imperative  or  advan¬ 
tageous  to  recover  the  maximum  possible  flow  stagnation  pressure. 


2.  Jet  Centerline  Recovety  Pitot  Pressure  Variation  with  Per  cent  Control 

The  behavior  of  the  mixed  Jet  flow  centerline  pitot  pressure, 

as  a  function  of  per  cent  control,  at  x/w  =  10  for  arrangement  1-2-1,  is 

shown  in  Fig.  11.  Due  to  the  Gaussian  nature  of  the  pressure  distribution, 

the  centerline  and  iraxlm.tm  pxvssures  for  P^p  -  ij.l  psig  were  Identical. 

Since  for  this  Just  choked  Jet  flow  there  was  hardly  any  shock  stricture 

present  in  the  flow,  the  slight  Increase  in  P„,_  with  the  addition  of  the 

ijt 

2  per  cent  control  is  the  result  of  the  added  CDnti*ol  Jet  flow  momentum  to  the 
power  Jet  flow.  The  subsequent  steady  decrease  of  P„,_  at  the  higher  per  cent 
control  flows  may  be  due  to  increasing  mixing  losses,  through  increased  tur¬ 
bulence,  nullifying  the  momentum  contribution  by  the  control  Jet  flow.  Ihc 
measurement  of  the  turbulence  characterlstloe  of  the  individual  and  mixed  Jet 
flows  are  necessary  to  ascertain  the  actual  mechanism  for  this  decrease  in 
the  oentorllr.o  pitot  pressure . 

For  pQp  -  50  psig,  where  repetitive  diamond  shock  structure  vas  observed, 
there  was  again  a  slight  increase  In  the  Jet  centerline  pitot  pressure  with 
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the  addition  of  2  jjer  cent  control  flow.  With  tho  oddlLion  of  increased 
por  cent  control  flow  the  centerline  pitot  pressure  then  remained  essen¬ 
tially  constant.  For  this  case  the  jet  centerline  pitot  pressure  was  not 
the  maximum  pitot  pressure  recovered  in  the  Jet  flow.  For  zero  and  2  per 
cent  control, higher  pressure  peaks  on  either  side  of  the  center  were  present. 

The  pressure  difference  of  2  psl  between  the  peaks  and  the  centerline,  however, 
is  not  as  severe  as  for  P^p  =  200  prig.  With  increasing  per  cent  control  the 
peak  on  the  control  Jet  side  of  the  Jet  flow  was  observed  to  decrease  until 
at  20  per  cent  control  an  almost  Gaussian  shape  was  achieved  for  the  pitot 
pressure  distribution  in  the  mixed  jet  flow.  If  the  maxinrjm  pressures  were 
plotted  versus  per  cent  control,  tliey  would  show  an  almost  constant  value 
from  zero  to  20  per  cent  control.  These  observations  seem  to  indicate  a 
slight  change  in  the  weax  diamond  structure,  but  not  the  radical  effects  on 
pitot  pressure  distribution  noted  for  the  200  pslg  case. 

For  a  power  jet  settling  chamber  pressure  of  lOD  pslg,  there  was  a 
strong  but  still  repetitive  diamond  shock  structure  present  In  the  power  Jet 
flow.  In  this  case  the  addition  of  the  2  per  cent  control  Jet  flow  resulted 
In  a  nearly  10  per  cent  increase  of  centerline  pltoc  pressure.  The  Influx 
of  the  control  Jet  t  Jow  into  the  first  diamond  structure  cell  Increased  the 
static  pressure  there,  thus  weakening  the  shocks  and  Increasing  the  recovered 
downstream  pitot  pressure.  With  further  control  Jet  addition.  Increasing 
mixing  losses  steauiily  reduce  the  centerline  pitot  pressure  until  at  20  per 
cent  control  it  was  only  slightly  higJier  than  that  for  zero  control.  At  this 
Pyp  and  x/w  the  Jet  centerline  and  the  maximum  Jet  pitot  prescures  were  the  same 
for  all  the  per  cent  conti-ols.  Firom  the  shadowgrai^  it  appesured  that  the 
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vertex  of  one  of  the  periodic  dlajnond  chock  Etnicturec  was  located  at  x/w  =  10. 
Traversing  througli  the  vertex  rather  tlian  the  cell  would  account  for  the 
absence  of  multiple  peaks .  'Ihe  P^p  =  200  paig  case  is  also  showr.  on  this 
plot  to  illustrate  the  Jarge  increase  in  centerline  pitot  pressure,  as  dis¬ 
cussed  earlier. 

As  would  be  expected,  the  Jet  flow  pitot  pressure  distributions  were 
affected  by  the  entrainment  characteristics  of  the  different  nozzle  arrajige- 
ments  (tig.  12).  At  x/w  =  5,  for  P^p  =  50  pslg,  the  centerline  pitot  pressure 
was  not  affected  by  the  Inti'oduction  of  the  d’jmmy  Jet;  the  possible  reason 
being  L'naL  close  to  the  power  jet  exit  the  reduction  in  e.ntrainment  has  not  yrt 
been  ft’.-  .in  the  center  of  the  Jet  flow.  However,  by  x/w  =  17  lower  pitot 
pressures  were  recorded  for  the  dummy  Jet  arrangement.  For  the  1-2- ID  arrsuige- 
ment  the  addition  of  more  17  per  cent  control  deflected  the  power  Jet 

flow  such  tliat  it  became  attached  to  the  dumR^.'  Jet  nozzle  wall;  no  pressuri-s 
were  recorded  once  this  attachment  took  place. 

Due  to  the  entrainment  between  the  nozzle  blocks,  a  larger  P,_.«  was 

iju 

recovered  in  the  12-12-0  arrangement,  at  the  lower  per  cent  controls,  than  that 
for  the  1-2-1  arrangement.  However,  the  addition  of  IncresiBed  control  Jet  flow 
steadily  reduced  this  pressure  until  at  20  per  cent  control  a  much  Icwer  value 
was  recovered  than  for  the  1-2-1  arrangement.  The  behavior  at  the  higher  per 
cent  controls  may  be  the  result  of  the  control  Jet  flow  impinging  at  a  point 
further  downstream  of  the  power  Jet  exit  (x/w  =  12  instead  of  x/w  =  l).  Thin 
has  the  effect  of  increasing  both  the  spread  of  the  mixed  Jot  and  the  -.ji'/cing 
losses.  It  was  seen  from  the  pitot  pressure  plots  that  for  this  arrangement 
the  20  per  cent  control  mixed  jet  flow  had  almost  twice  the  spi-ead  of  the  zero 
per  c®nt  control  power  Jet  flow. 
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no.  12  VARIATION  OF  THE  RATIO  OF  JET  FLOW  CENTERLINE  PITOT  PRESSURE  TO 
POWER  JET  SETTLINS  CHAMtEK  "CSSUR£  AT  30  IPSIC)  FOR 
VARIOUS  JET  ARRANGEMENTS 


Another  point  worth  noting  is  th^t  at  x/w  =  5  the  centerline  pitot 
pressure  steadily  increased  with  increasing  per  cent  control  (see  Fig.  12). 
This  differed  from  the  behavior  of  the  centerline  pressure  for  =  50  pslg 
at  x/w  =  10,  as  shown  in  Fig.  11.  Ihic  difference  may  be  because  at  x/w  =  5 
the  mixing  losses,  which  seem  to  Increase  with  increasing  per  cent  control, 
have  not  completely  nullified  the  monentura  contribution  of  the  control  Jet 
flow.  At  x/w  =  17  the  centerline  pitot  pressure  does  follow  the  some  be¬ 
havior  as  at  x/w  =  10. 

5-  Entrainment  Effects  of  Power  Jet  Flow 

ihe  entrainment  effects  of  the  power  Jet  flow  alone,  in  the  1-2-1 
arr-angement .  were  recorded.  The  preccuie  in  the  control  Jet  settling  clianiber, 
when  the  supply  line  to  the  chamber  was  shut  off,  was  measured  for  various 
settings  of  the  power  Jet  seoollng  chamber  pressure  (see  Fig.  15). 
power  Jet  settling  chamber  was  set  at  a  desired  constant  valiie.  The  power 
Jet  flow  then  entrained  air  from  the  control  Jet  settling  chamber;  the  result¬ 
ing  pressure  in  chls  chamber  being  recorded.  It  should  be  noted  that  when 
these  data  were  recorded,  at  no  lime  was  the  power  Jet  actually  alLauhed  to 
the  control  Jet  nozzle  as  it  would  in  a  Cosuida  type  attachment.  The  inter¬ 
esting  point  shown  by  this  plot  is  the  sharp  increase  in  the  entrainment 
demand  of  the  power  Jet  flow  (as  evidenced  by  sharp  decrease  in  the  control 
Jet  settling  chamber  pressure)  at  the  power  Jet  settling  chamber  pressure 
of  approximately  115  pslg.  As  mentioned  earlier,  this  is  the  power  Jet  oper¬ 
ating  pressure  at  ^Ich  the  nonsal  shock  pattern  is  first  established,  replac¬ 
ing  the  repetitive  diamond  shock  structure. 
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Once  the  nunnal  and  intercepting  shock  striicture  is  established, the 
steadily  increasing  pressure  in  the  control  Jet  settling  chamber  with  in¬ 
creased  power  Jet  pressure  (i.e.  decreasing  entrainment  demand  of  the  power 
jet  flow)  can  be  given  a  simple  lioesible  explanation.  An  mentioned  in  Ref. 

12, the  intercepting  shocks  divide  the  Jet  into  two  regions;  the  outer  region 
between  the  intercepting  shocks  and  the  Jet  boundary  being  the  one  Influenced 
by  the  amoisnt  conditions  while  the  inner  region  bounded  by  the  nozzle  exit, 
the  normal  shock  and  the  intercepting  shocks  is  unaffected  by  the  ambient 
conditions.  Tk.ese  regions  of  the  highly  underexpanded  power  Jet  flow  are 
shown  in  the  Insert  sketch  in  Fig.  15  where  the  solid  lines  represent  the 
shock  waves  and  the  dashed  lines  the  Jet  boumLnv.  Tt  is  the  outer  region 
of  the  Jet  flow  which  regulates  the  entralnn»ent  demands  of  such  a  power  Jet 
flow.  As  Liie  power  Jet  settling  chamber  pressure  Ic  Increasec^  the  Jet  as  a 
whole  expands,  while  ct  the  same  time  the  extent  of  the  outer  region  decreases. 
This  decrease  of  the  outer  region  would  explain  the  decrease  in  entrainment  by 
the  power  Jet  flow  as  settling  chamber  pressure  Is  Increased.  The  positive 
pressure  which  eventually  made  Its  appearance  in  the  control  Jet  settling 
chamber  at  the  hl^er  power  Jet  settlings  was  the  result  of  the  power  Jet 
expanding  to  such  a  degree  that  some  of  its  outer  flow  actually  entered  the 
control  Jet  nozzle. 

In  the  normal  euid  intercepting  shock  pattern,  the  intercepting  shocks 
are  nearly  parallel  to  the  Jet  boundary  thus  creating  a  large  inner  region 
of  flew  which  is  not  exposed  to  the  ambient  conditions .  Howevwj  in  Che  dia¬ 
mond  shock  structure,  present  for  P^p  <  115  palg,  the  side  shocks  are  much 
more  oblique  to  the  flow  and  as  the  power  Jet  settllr^g  chamber  pressxire  is 


Increased  a  Jarger  and  larger  mass  of  the  power  Jet  flow  is  exposed  to  the 
ambient  conditions,  increasing  the  mixing  entrainment  to  the  jet.  'Ihis  would 
explain  the  steady  deci'ease  in  the  control  Jet  settling  chamber  pressure  with 
increased  power  Jet  operating  pressures  which  correspond  to  a  diamond  type 
shock  structure. 

The  sharp  increase  in  the  entrainment  demand  of  the  power  Jet  when  the 
nornij.1  shock  structure  was  first  formed  at  115  peig  is  niost  ''J.kely  due  to  the 
intercepting  shock  structure  not  extending  far  enough  upstream  toward  the 
nozzle  exit  (at  least  not  as  far  as  the  shocks  of  the  diamond  structure)  to 
effectively  efitubllsh  an  inner  and  outer  portion  of  the  Jet  flow.  Tnus  a 
larger  amount  of  the  Jet  flow  it,  exposed,  increasing  the  entrainment  over  that 
for  a  slightly  lower  when  the  diamond  structure  was  present.  As  the  power 

Jet  settling  chanl'^r  pretis...\,  it.  f t'nar  increased,  the  intercepting  shocks 
ext  nded  farther  and  farther  upetream  toward  the  power  Jet  exit  as  %rell  ai. 
outwards  to  the  jet  boundary,  creating  a  larger  and  larger  inner  region  of 
Jet  flow  and  thus  rsducing  the  portion  of  the  Jet  flow  effective  in  entrain¬ 
ment. 

The  reduced  pressure  in  the  control  Jet  settling  chamber  on  one  side  of 
the  power  Jet  flow  and  atmospheric  pressure  on  the  opposite  side  results  in 
a  pressure  gradient  across  the  power  Jet  flow.  The  dependence  of  the  magni¬ 
tude  of  this  pressure  gradient  on  P^p  is  reflected  in  the  varying  deflections 
of  the  power  Jet  alone  toward  the  control  Jet  nozzle.  It  was  found  that  for 
p”  =  135  ™»la  (l.e.  maximum  pressure  gradient  across  the  power  jet  ilr,v)  the 

sJir 

angle  of  deflection  toward  the  control  Jet  nozzle  was  the  greatest.  A  very 
slight  lowering  of  F^p  to  a  value  corresponding  to  the  diamond  shock  structure 
resulted  in  a  sharp  reduction  in  this  initial  deflection  angle.  This  corre¬ 
sponded  to  the  sharp  decrease  in  entrainment  in  going  from  the  noriml  shock 
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TANGENT  0EFLECTI0*4  ANGLE 
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fig.  14  TANGENT  OF  JET  CENTERLINE  DEFLECTION  ANGLE  VS 
PERCENT  CONTROL  FOR  100  PSIG  AT  X/W»I7 
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struct:ire  to  the  Jiaricrid  type  structure.  Increasing  the  power  jet  settling 
ciittiiihcr  pressun^  above  115  ps ' g  resulted  in  a  steady  reduction  in  the  deflec¬ 
tion  angle  due  to  the  steady  reduction  in  the  entrainment  demands  of  the  Jet 
flow  as  shown  in  Fig.  I5. 

1* .  Deflection  Angles 

Hie  deflection  angles,  Q  and  5,  were  measured  between  the  centerline  of 
the  power  Jet  flow  alone,  which  was  considered  as  zero  deflection,  eu^d  the 
centerline  of  the  mixed  jet  flow  at  the  corresponding  per  cent  control.  Ilie 
tangent  of  these  deflections  angles  is  plotted  versus  per  cent  control  in 
Fig.  1^*.  The  deflection  angles,  a,  as  measured  directly  from  the  pitot  pres¬ 
sure  versus  angular  location  plots,  such  as  Fig.  15,  were  with  respect  to  the 
Divot  point  at  x/w  =  -25  for  the  1-2-T  and  1-2-ID  arrangements. 

To  obtain  a  truer  picture  of  the  deflections  involved,  the  deflection 
angles  should  be  meeisured  with  respect  to  th®  effective  turning  point  of  the 
particular  Jet  flow,  rather  than  with  reference  to  an  arbitrary  point  such 
as  x/w  =  -25.  From  purel,v  ohysical  considerations  it  would  seem  that  the 
effective  turning  point  for  the  deflected  mixed  Jet  flows  is  at  the  impinge¬ 
ment  point  of  the  power  and  control  Jet  flows  (x/w  1  for  the  1-2-1  and 
1-2-ID  arrangements).  Plots  of  the  deflected  mixed  Jet  flow  centerlines 
confirmed  this  (Fig.  16),  showing  that  for  P^p  *  100  psig  the  effective  turn¬ 
ing  point  vns  v.cated  at  approximately  x/w  =  1.  For  P^p  «  IJ.l  peig  the  effec¬ 
tive  turning  point  appeared  to  be  at  x/w  *  -1  irtille  for  P^p  =  50  psig  it  was  at 
around  x/w  =  +  50*  Desuite  the  fact  that  not  all  the  effective  turning 
points  were  at  the  actual  impingement  point,  they  were  much  closer  to  it  than 
to  x/w  =  -25  so  that  the  deflection  angles  6  were  calculated  with  respect  to 


2p1 


Tia 


252 


the  impingeinent  point.  The  formula  for  converting  the  deflection  angle  a 
to  the  larger  deflection  emgle  6  can  he  estahllFshed ,  aB  given  In  Fig.  I7. 
,'J.co  plotted  on  Fig.  14  is  the  tangent  relation: 


Tan  5 


(1) 


where  A  in  a  constamt.  Hie  heavy  solid  line  represents  this  relation  where 
for  zero  deflection  angle  (i.e.  power  jet  flow  alone)  it  is  assumed  that  there 
is  zero  per  cent  control  (i.e.  A  =  O).  however,  as  is  evident  in  Fig.  I5  there 
Is  actually-  what  maj'  be  theavLt  of  as  a  negative  per  cent  control  at  this  point 
due  to  the  entrainment  of  air  from  the  control  Jet  settling  chamber.  For 
Ppp  =  100  pcig  it  war  -1.2  per  cent  which  1c  taken  into  account  in  the  heavy 
dashed  line.  In  relatio..  (l)  it  is  i-'xsumed  that  the  ratio  of  the- Jet  momenta, 
(pu^)  /(pu^)_  ^  ,  at  the  point  of  impingement  is  equal  to  the  per  ct.it 

control,  Fqc/Pqp*  however,  this  equality  only  holds  for  incompressible  free 
jet  flows  where  no  static  prcccuro  gradients  occur.  In  high  speed  compressi¬ 
ble  Jet  flows,  (used  in  these  Investigations)  the  tangent  relation  does  not 
hold  because  pu^/2  is  no  longer  simply  the  difference  between  the  stagnation 
and  static  preseures  and  because  static  pressure  gradients  occur  In  the  Jet 
flow  when  shock  structure  is  present,  ilius  it  would  not  be  expected  that  the 
deflection  angles  measured  experimentally  would  follow  the  behavior  indicated 
by  the  tangent  relation  which  was  Included  simply  to  provide  a  point  of 
comparison.  The  deflection  tingles,  as  calculated  from  the  experimental 
daLa,  vere  found  to  be  larger  than  predicted  by  the  tangent  relation  for  all 
Pqp  values  used  in  the  investigations  with  the  1-2-1  and  11'2-ID  arrangements. 
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6  -  8ln"^ 
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-1  f  (C  D)  »ln  g 

(d^  +  -  2  DR  COB  a)V 


where 


D  i..  ^ 

32  32  32 

R  -  D  +  C 


and  C  Is  detemlned  by  the  location  of  the  probe  tip  froa  the  power  Jet  exltj 

10"  ■£[” 

the  yalues  used  were  C  -  32  >  32  o*"  32  • 
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’  •  V/ 1  ■  •!'  • :  ai.  i  iv'  \'j  t,i.c  p' r  cSiilrol. 

v  ■!.  •  1  i.l.e  !  J*  t  in  Llie  -  ■■"'"ii  nrrar!;"’'''ent  did  not  atJi'oar 

'  -  ■  •  .  ■■  -}  ■  n  i'.i:  -ll.;!!  aiu'  oc  I'or  th-  i  pclc  power  jet,  i'nr 

‘  *'i  i'l-  c;'  ;  r  ‘t-; '-jt  ir '.r  n  1.  n.ic  war  n  ,t  the  eacf  I'cr  the  lower  power 

.1  '  i'  !  •  ■  rci."  A’l^  r-  i- :tion  an-M'-c  at  Liie  }.if;her  lOr  cent  con- 

‘r  r  .  :r  -  -I’  ari-Mn,:e:!io!,l .  Ti.ir  in  iuc  to  the  tact  that 

^  r-,  w  a‘  ' t'oJr  r'.-ttin<3  ■’ r  ••■sc;  ouseej^tible  tc  a 

'  '  •  >  i  •  i *1.-  dtraiii'.’.'eiit  t  o-c.-.a/ce  the  C’ornro'' 

.  'w -r  :  -  r  .  x  i*  ’  w-r  f  uw .  ?:.ic  phenorcenen  ’..’ac 

r  i"v  ;r  1  ’’  •  'V  -t,  ;a  'oc-  'e  attacd  ••:c:it  of  th<'  power  .jet  flov/  to 

■'  ■  '  r.  .  '  ■  _r  <■  J  '  •  '  i:  a-o'irir.c  the  power  ,jep  sett-ing  chainher  preo- 

■■  r'-Ci.'.c  fror.  tlv-  arrar./'or.ent ,  a'.ao  chowii  on  this  plot,  ex¬ 
ile  1' .  1  at  diiierer'^  t.ehavior  that;  those  of  the  a-2-I  arraneonent . 

Of  coarse  this  war.  not  entire  .y  unexpected  beeause  of  the  considerable  entrain¬ 
ment  and  ii..ijin).:e.’r:ent  diifcrenccs  r.i’  tiie  two  arrangements.  At  the  lower  per 
cent  controls  t};e  deflection  angles  of  the  12-lP-j  arrangement  appear  to  follow 
tne  tangent  relation.  However,  at  the  higher  ]>or  cent  eontrois  thei’e  appears 
to  be  an  increase  in  slope  whieh  uould  indicate  an  increase  in  effective  con¬ 
trol.  A  loon  at  the  pitot  pressure  travei’ser  for  this  arrangement  revealed 
;.hat  lor  I’qp  =  100  psig  at  15  and  20  jwr  cent  control,  the  Gaussian  natinre 
of  the  plots  was  completely  destroyed  and  instead  very  greatly  spreati,  aLiiost 
fiat,  profiles  were  recorded.  Thus  the  deflection  angles  at  these  larger  pier 
•^ent  controls  really  had  no  practical  meaning. 
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5.  Axlsymmetrlc  Jet  Interactions 


Preliminary  shadowgraphs  of  the  interaction  of  perpendicularly  impinging 
axi6>Tiiinetric  jets  were  taken  to  comiare  any  change  in  shock  structure  with 
that  observed  with  the  two-dimensional  Jets.  Axlsymmetrlc  converging  nozzles 
(d  =  0.12")  having  the  same  exit  area  as  the  two-dimensional  nozzles  were  used 
and  were  arranged  with  their  aids  intersecting  at  x/d  =  1  and  y/d  =  2.  In 
this  ax i symmetric  arrangement  the  power  Jet  flow  freely  entrained  from  all 
sides  while  for  the  corresiDonding  two-dimensional  arrangement,  1-2-1,  entrain¬ 
ment  by  the  power  jet  flow  from  the  control  Jet  side  was  restricted.  Hie 
axisymmetrlc  arrangement  could  then  be  referred  to  as  a  1-2-0  ai’i’angement . 

As  little  as  2  per  cent  control  Jet  flow  was  sufficient  to  cause  the 
disappearance  of  the  normal  shock  in  the  two-dimensional  Jet  flow  for 
Pqp  =  200  pslg.  However,  Jr  case  of  axisjcnmetrlc  Jets,  as  can  be  seen 
from  Figs.  l9,  the  impingement  of  10  per  cent  control  flow  did  not  effect  t 
complete  dlsappenrence  of  the  normal  shock.  In  fact  the  control  Jet  flow  does 
not  coom  to  even  penetrate  the  cell  formed  by  the  normal  and  intercepting 
shocks,  but  only  appears  to  distort  and  I’elocate  the  intercepting  shock 
nearest  to  the  control  Jet  exit  and  in  doing  so  reduces  the  extent  of  the 
normal  shock  disc.  Even  the  impingement  of  20  per  cent  control  does  not 
completely  collapse  the  normal  shock.  The  above  behavior  of  the  shock  struc¬ 
ture  was  also  noted  for  1*^  =  500  psig  where  in  the  two-dimensional  case  10 
per  cent  control  was  again  more  than  sufficient  to  completely  collapse  the 
normal  shock  structure.  It  is  felt  that  the  difference  in  shock  structiTC 
behavior  between  the  three-dimensional  and  two-dimensional  cases  could  some¬ 
how  be  the  result  of  their  different  entrainment  characteristics  of  their 
arrangements . 
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i-ipure  18a.  0  per  cent  control 


Figure  18b.  10  per  cent  control  Figure  I8c.  20  per  cent  control 

Figure  18.  Shadowgraph  of  interacting  axisymmetrir  free  jet  flows. 
Atnnospheric  pressure  =  29.55"  of  Hg.  Room  temperature  =  71.*F 

Pop  =  214.56  psia  Top  =  71‘F,  Tqp  =  71 ’F  x/d  =  1,  y/d  = 
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n  )  nt.Htli'  Prppnum  Moamir^Tonts 

AttoiiptB  were  mdo  to  measure  the  static  jiressure  distributions  in  the 

mixed  Jet  flow  lor  various  P^p'B,  per  cent  controls  and  x/w's  by  the  use  of 

•letic  procsire  probes.  However,  the  response  of  a  standard  static  probe  Is 

t^reatl;;  in^^.uenced  by  Its  dcsle.ii^^,  the  turbulence  level  of  the  flow,  and 

It  it 

tlic  directional  chanees  the  flow  .  Even  a  few  degrees  Inclination 

between  the  j'robe  and  the  flow  direction  can  cause  the  recorded  static  pressure 
1 1 

.0  ic  In  error'  .  Moreover  in  supersonic  flow  the  prese.nce  of  the  bow  shook 
at  t)ie  s'-atlc  T^robe  tip  changes  the  actual  jet  flow  static  pressure.  Because 
of  all  these  facrors  the  static  prc'^surc  measureirientc  were  not  used  in  any 
calculations.  In  such  flow  fields  tr.e  density  measurements  by  Interferometric 
technique  offers  a  ^.e^^!od  free  of  the  above  difficulties  for  obtaining  the 
cr.>i-^o  r'vp'-c'iro  distribution^. 

b)  Coanda  Effect 

It  was  oboci*ved  that  the  power  jet  flow  attached  itself  to  the  control 
jet  nossle .  Thin  attaohmi.nt  was  ecnatlished  soen  e.i’t-er  the  st.nrt.  of  the  jet 
flow  (l.e.  when  the  P^p,  and  thus  p,oy*ioiHc  Number,  was  still  small).  In  the 
1-2-1  arrangement  this  Coanda  attachment  was  detached  by  increasing  P^p  to  a 
value  greater  than  l6f>  pslg.  A  shadowgraph  of  the  Coanda  attachment  of  a 
highly  underexpanded,  =  l60  pslg,  power  jet  flow  to  the  control  jet  nozzle 
waxx  is  shown  in  Fig.  I9.  For  <  I65  pslg  the  Coanda  attachment  onuld  be 
detached  by  simply  applying  control  Jet  flow  or  by  sufficiently  restricting 
the  entrainment  on  the  unrestricted  side  of  the  Jet  flow  as  well.  Once  this 
Coanda  attachment  was  detached  the  power  jet  flow  did  not  reattach.  The  only 
time  the  Coanda  attachment  caused  any  probleiris  was  at  the  higlier  pier  cent  con¬ 
trols  in  the  1-2-ID  arrangement  at  Pqp'®  oP  50  and  15*1  psig  when  the  deflection 
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vd,th  l8  per  cent  control  wao  sufficient  to  cause  attachment  to  the  duinia:^  Jet 
nozzle.  Also  the  Coanda  attachmeni;  was  so  severe  In  the  12-12-ID  arrEirisemer.z 
that  no  systematic  results  could  be  obtained.  Whenever  the  probe  was  traversed 
toward  the  dumny  Jet  In  this  arrangement  It  caused  the  mixed  Jet  flow  to  attach 
iLself  to  the  dummy  Jet  nozzle  wall,  even  at  zero  per  cent  control. 

c)  Jet  Noise  and  Turbulence 

As  was  mentioned  earlier  in  the  paper,  it  was  possible  to  shadowgraphl- 
cally  emphasize  the  turbulence  and  the  noise  pdienomena  occurring  in  the 
interacting  Jet  flows  with  the  film  farther  from  the  test  section.  Ihls  is 
shown  In  ’='lgp. .  POh  anc  c  where  in  Fig.  20c  the  film  was  as  close  as  possible 
to  the  axisymmetrlc  Jet  flows  (arrangement  1-2-0 )  and  thus  the  shock  structure 
is  emphasized  in  the  chadewgraph.  In  Fig.  ?0h  the  film  was  mounted  approxi¬ 
mately  5  inches  from  Jet  flow  axis,  and  the  turbn'i'*nr'p  i»nd  Bound  waves  are 
emphasized.  The  apparent  pitting  of  the  nozzles  in  Fig.  20b  is  due  to  the  • 
light  rays  being  greatly  refracted  by  the  large  density  gradients  in  the  Jet 
flows  at  the  exits .  In  Fig .  20c  this  apparent  pitting  does  not  appear  due  to 
the  closeness  of  the  film.  From  these  shadowgraphs  (Figs.  20),  the  follnwing 
general  conclusions  can  be  drawn. 

1.  The  sound  field  emitted  by  the  power  Jet  alone  (Plg.  20a)  has  two  modes. 

Hie  first  mode  is  comprised  of  spherical  discrete  (a  single  characteristic  wave 
length  or  frequency)  wave  fronts  propagating  in  all  directions.  This  is  often 
called  the  screeching  frequency  of  the  choked  Jet  flows.  For  the  possible 
rocebanism  of  generation  of  this  type  of  sound  field  see  Ref.  15  .  Hiese 
regular  patterns  of  wave  fronts  seem  to  be  strong  in  on]y  two  quadrants  on 
either  side  of  the  Jet  flow  in  the  downstream  direction.  Hie  dominant  average 
wavelength  X  <•  .062"  (i.e.,  X/d  »  0.52).  The  second  mode  is  comprised  of 
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Figure  ZOa.  Sound  radiation  from  the 
0  per  cent  control .  Pop  =  211.5  psia 
Film  located  5”  irom  jet  cente 


power  jet 
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Figure  20b.  Film  located  5"  from  jet  centei  lines. 
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Figure  20c.  Film  located  as  close  as  possible  to  flow 


Figure  20.  Sound  radiation  from  the  interacting  jet  flows 
100  per  cent  control;  Pqp  “  214.5  psia;  =  14.5  psia. 

Arrangement  1-2-0 


Irregular,  much  higher  frequency  sound  vaveB  generated  by  the  turbulent 
mi/lng  jet  flow  field. 

2.  The  sound  field  emitted  by  the  interacting  Jet  flows  (Fig.  20b)  also  has 
a  predominant  characteristic  wavelength,  or  frequency.  In  this  case  the 
average  «  .15"  (l.e.  X/d  «=  l.l)  which  is  almost  twice  that  for  the  power 
jet  flow  alone.  The  discrete  sources  of  the  predominant  radiating  wave 
fronts  were  traced  and  found  to  be  distributed  along  the  cellular  region  cf 
the  mixed  Jet  flow.  The  spherical  wave  fronts  from  these  discrete  sources 
interact  in  an  interesting  pattern.  The  radiating  sound  field  is  strongly 
evident  in  only  one  qiadrant.  In  fact  even  when  the  film  was  close  to  the 
Jet  flow  (tig.  20c),  the  relatively  stronger  wave  fronts  are  still  evident. 
Due  to  the  penetration  of  the  control  Jet  flow  across  the  power  Jet  flow 
an  extreme  asymmetric  spread  of  the  turbulent  mixed  Jet  flow  is  caused.  The 
sound  wave  system  propagating  through  this  quadrant  of  extended  turbulence 
is  dissli«tsd.  In  this  prellralnary  work  no  cystematlc  quantitative  measure¬ 
ments  of  either  the  sound  emission  or  turbulence  characteristics  of  the 
interacting  Jet  flows  were  taken. 
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ABSTRACT 


Analytical  and  experimental  studies  of  compressible,  two-djtrenslor.al, 
turbulent  SMbrntiged  Jets  were  conducted  with  air  as  the  working  fluid.  A 
theoretical  flow  model  Is  presented  and  a  monrientum  Integral  analysis  Is  de¬ 
veloped  based  on  this  flow  irodel.  The  analysis  employs  constant  exchange  co- 
effl-lent  mixing  theory  to  express  the  turbulent  shear  stress  and  assumes  a 
Oaiisf.lnn  velocity  distribution  In  the  mixing  zone.  Relationships  are  presented 
for  the  length  of  the  Invlscid  core  and  the  centerline  velocity  decay  in  the 
fully  developed  portion  of  the  Jet  In  terms  of  an  empirical  shear  stress  con¬ 
stant.  Experimental  results  obtained  for  jet  Mach  numbers  between  0.66  and  2.0 
are  discussed  and  employed  to  evaluate  the  shear  stress  constant  which  appears 
In  the  analysis.  These  values  of  shear  stress  constarit  are  correlated  with 
Jet  Mflch  numbe*',  ar.d  the  significance  of  this  correlation  Is  discussed. 


INTRODUCTION 

In  the  evaluation  of  the  performance  characteristics  of  pure-fluid  ele¬ 
ments  the  characteristics  of  two  dimensional  submerged  Jets  are  often  desira¬ 
ble.  The  Jet  spreading  and  centerline  velocity  decay  rates  are  of  particular 
Interest  since  these  characteristics  effect  the  size  and  location  of  receiving 
apertures  and  the  power  efficiency  of  these  elements.  Previous  Investigations 
of  two-dimensional  fubmerged  Jets,  however,  have  been  limited  to  Incompressible 
flow  ^e.g..  Ref,  l)  and  can  only  be  employed  qualitatively  for  coirpresslble 
fluids.  Consequently,  the  investigation  reported  herein  was  performed  to 
St  idy  the  aerodynamic  characteristics  of  two-dimensional  con^pressible  submerged 
lets  and  was  undertaken  as  part  of  a  general  Investigation  of  the  performance 
of  pure-pneumatic  elements  being  conducted  for  the  Diamond  Ordnance  Fuze  Labo¬ 
ratories  under  Contract  DA-U9-136-0RD-912. 
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I  SKETCH  OF  FLOW  MODEL 


FtGUKE  2  SKETCH  OF  DIFFCHENTUL  CONTROL  VOLUME 
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Prandtl's  concept 
be  coiisiaered  to 
'2)  to  the  raximuT; 
Fq.  (2)  can  be  cx- 


pr(  r.neii  as, 
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In  Eq.  (!»)  /c  Is  a  constant  referrpd  to  as  the  shear  stress  constant,  U(  Is  the 
Jet  centerline  velocity,  and  i*  Is  the  value  of  {  at  u/u^  =  0.5.  Substi¬ 
tuting  Eqs,  ^3)  and  (’i)  into  Eq.  (2)  and  nondimenslonalizinc  yields  for  the 
momentum  Integral  equation. 


dh^ 

di 


(I  -05U)  = 


(5) 


where  U  =  u^/u^  . 

Assuming  the  velocity  profiles  in  the  mixing  zone  to  have  a  Gaussian  dis¬ 
tribution  as  was  found  for  an  incompressible  two-dimensional  Jet  In  Ref.  1, 

^  =  (6 

where,  B  =  0  6931  FOR  u/u^  =  05  AT  • 


froTi  the  perfect-gas  equation  of  state  and  the  energy  equation  for  Isoenergetlc 
mixing  (constant  total  temperature). 
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where  =  1  for  a  perfectly  expanded  Jet. 

Employing  Eqs.  (6)  find  (7),  Eq.  (5)  normalized  with  respect  to  the  Initial 
Jet  height,  ,  becomes. 
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From  Fq.  (l)  the  momentum  equation  in  nondimensional  form  becomes, 
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For  the  f'ore  region  U  =  i.  tjiU).  fj(U)  and  f^lU)  are 

Consequently,  combining  Kqs,  and  ( li?)  it  can  be  deduced  that 
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and  thereby  Eq.  M?)  ran  be  written  as 
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Also  Eqe.  (8)  and  (12)  yield. 
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whlcr  expreaaeo  the  length  of  the  core  region  In  terms  of  an  eniplrlcally  de¬ 
termined  shear  stress  cor.stnn.t,  /r  ,  and  a  constant  whlidi  Is  dependent  on  the 
initial  ,1et  Mach  number  and  the  assumed  profile  shape,  On'^e  Xf-Zhg  has  been 
determined  from  Eq.  'lb),  y*  can  be  determined  from  Eqs.  (l^*)  and  (15)  noting 
lliat  y"  -  ^  ‘  . 

For  the  developed  region,  h,  = O  ;  and  combining  Kqs.  (8)  and  (12)  yields 
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wi.cre  the  dtrl’xatives  gjlU)  and  g^'lU)  can  be  determined  graphically,  Eq. 

(18)  Decomes, 

-'(t 

'Aere  Jj'^FilDdU  can  be  evaluated  numerically.  Therefore,  from  Eq.  (20)  the 
Ci...tcrllne  velocity  decay  can  be  determined  in  terms  of  the  empirically  deter¬ 
mined  value  of  shear  stress  constant,  k  .  Once  the  centerline  velocity  is  known 
as  a  function  of  axial  distance  the  corresponding  variation  in  y*x{*can  be  de¬ 
termined  from  Eq.  (12). 

Although  the  above  derivation  is  valid  only  for  the  case  of  perfectly  ex¬ 
panded  .'ets  (l.e.,  P«  =  Pfl  )»  the  anelyslB  may  be  made  applicable  for  the  case 
of  slightly  underexpanded  Jets  by  substituting  Mjq  for  Mq  and  h„  for  hq 
where  M^q  is  the  I-lacli  number  correapondi.ng  to  iscntropic  expansion  fro’’  the 
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,*nt  trial  prensurr-  to  a>r)blent  aiatlc  pri’Brure  and  hg^  is  given  by 


vhich  rjllova  from  conservation  of  momentum. 


EXTERIMOTAL  INVESTIGATION 

A  sehemntir-  diagram  and  photograph  of  the  test  rig  einp toyed  ior  tiiese  tests 
arc  p'-esentrd  in  Figs.  3  «nd  4, respectively.  The  test  rig  was  two-dimensional 
throughout  its  length  and  was  provided  with  hinged  side  platen  3  In*  apart.  A 
porti nr  of  these  side  plates  was  glass  to  enable  schlicren  observation.  Remov¬ 
able  nozzle  blocks  were  provided  to  obtain  both  subsonic  and  supersonic  Jet  Mach 
numbers.  Gubsonlc  or  sonic  Jet  i^liieh  numbers  were  obtained  with  a  smooth-approach 
convergent  nozzle,  fonvergent-dlverrent  nozzles  d'^slgned  for  uniform  flow  at 
the  exit  were  employed  to  obtain  jet  Mach  numbers  of  1.5  and  2,0.  The  exit 
width,  v¥  ,  for  all  nczzlec  was  equal  to  0.25  in.,  thereby  providing  an  aspect 
ratio  ■'’distance  between  side  plates  divided  by  tbe  nozzle  width)  equal  to  1?,0, 

Air  havl'ig  a  stagnation  temperature  of  approximately  OO  F  miu  a  dew  point 
of  less  ttinn  -20  F  was  introduced  into  the  plentim  chamber  upstream  of  l.he  noz¬ 
zle  blocks  from  a  UOO  psia  compressor  capable  of  continuously  delivering  5 
Ib/see.  For  these  tests  the  air  was  throttled  to  provide  total  pressures  of 
approxirjitely  22  psia.  This  upstream  pressure  corresponds  to  Reynolds  numbers 
based  on  the  exit  width  of  the  Jet  rangi.ng  fro:.'  i.!;  v  105  'for  a  Jet  Mach  num¬ 
ber  of  1.0)  to  1.2  x  10^  (tor  a  Jet,  Mm-h  number  of  2.0),  The  air  was  exhausted 
through  nozzle  blocks  In  the  n»nter  of  the  test  rig  into  the  downstream  plenum 
ckamtor  evacuated  by  laboratory  vacuum  pumps.  The  relatively  "dead  air"  re- 
giotiS  on  either  side  of  the  Jet  were  vented  together  for  pressure  equalization 
on  the  two  sides  of  the  Jot.  Both  the  exhaust  bellmouth  and  the  vent  line  be¬ 
tween  th»  two  unboundnd  sides  of  the  Jet  were  required  to  maintain  the  Jet  cen¬ 
terline  parallel  to  the  longitudinal  centerline  of  the  test  rig. 

The  variable-position  pitot  rake  shown  in  Fig.  4  was  employed  to  obtain 
surveys  through  the  Jet,  This  probe  was  located  midway  between  the  side  plates 
and  was  motorized  in  the  directions  perpendicular  and  parallel  to  the  Jet  cen¬ 
ter!  <**...  The  position  of  the  probe  was  indicated  on  a  Moseley  voltmeter  which 
recorded  the  output  of  potentiometers  located  on  the  probe  actuating  mechanism. 
The  probe  pressures  were  measured  on  mercury  manometers. 

Tests  were  conducted  at  Jet  Mach  numbers  of  0.66,  0,'^95»  1*0,  1,5  and  2.0. 
For  all  tests  except  those  for  Ma-'h  1.0,  the  ambient  static  pressure  was  equal 
to  the  static  pressure  at.  the  nozzle  exit.  For  the  Mach  1 .0  tests,  the  nozzle 
exit  static  pressure  ratio  (ratio  of  the  exhaust  static  pressure  to  the  nozzle 
exit  static  pressure)  was  equal  to  0.87  and  0.59.  Exit  static  pressure  ratios 
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FIGURE  4  PHOTOGRAPH  OF  TEST  RIG  FOR  FREE- JET  TESTS 


lower  than  1.0  wore  selectorl  to  provide  Inl’orir.atlon  reitardinR  the  charactcris- 
i.ica  of  urder<  xpariued  J  If. 

each  Jet  Mach  runiber,  pitot  pressure  surveys  were  obtained  at  axial 
stations  between  2  and  16  no77.1e  wldtiiQ  Hewr.«<rea”  ci'  the  nosslc  exit.  Tneze 
pitot  pressure  surveys  were  obtained  I'rom  tiie  three-tube  rake  shown  in  Fif;.  h 
w)il  >1  was  traversed  perpendicular  to  the  Jet  centerline  in  the  vertical  plane. 
At  tv.,  lo'.itionr.  in  the  Jet  (one  above  and  one  below  the  centerline),  readings 
We---  oetained  with  both  the  outer  prones  and  the  center  probe.  A  comparison 
of  these  readings  provided  a  means  of  rTatching  the  profiles  obtained  from  the 
three  probes  to  form  a  contli.uouE  cingi«'  profile  and  also  enabled  an  evalua¬ 
tion  of  probe  Interference  effects.  The  static  pressure  in  the  relntlveli/ 

"dead  air"  region  on  the  unbounded  sides  of  the  Jet  was  adjusted  by  varying 
*'i"  ■•e  in  the  ploiium  downstream  OJ'  the  exhaust  bellmouth. 

Tlie  Mach  umber  and  velocity  dlstrloutions  in  the  j.:-t  v.«Te  computed  from 
the  mcasureu  pitot  profiles  uslrig  or.e-ditnenrlonnl  enmpresslble-flow  relations 
aESU"’inp  a  ronstan  statl  •  presBure  and  total  t.e,..porature  throughout  the 
stream.  For  all  cases  the  static  pressure  througout  the  Jet  was  assuned  equal 
to  the  ambient  pressure  and  th<-  total  temperature  ’was  taken  equal  to  the  tem¬ 
perature  the  supply  air. 

A  comparison  of  the  experimental  nondlmenslonal  velocity  profiles  in  the 
mixing  zone  of  the  core  and  developed  regions  with  the  profile  shape  assumed 
ir;  the  analysis  is  presented  in  Figs.  5  and  o.  Presented  in  the  upper  por¬ 
tion  of  Fig.  5  ar"'  the  profiles  for  Mach  number  0,66  at  various  axial  sta¬ 
tions  within  the  core  and  1:  the  lower  portion  are  the  profiles  for  various 
Mac.b  numbers  at  one  axial  station  In  the  core.  Ihe  nondlmenslonal  velocity 
profiles  for  the  developed  region  are  presented  in  a  similar  manner  in  Fig.  6. 
For  both  the  core  and  d.-veloped  regions,  good  agreement  is  shown  between  the 
experimental  profiles  arid  the  assumed  Gaus.Blai-  profile  '-xcept  near  the  outer 
edge  of  the  Jet.  In  this  portion  of  the  profile,  however,  the  scatter  in  the 
experimental  velocities  precluvles  any  valid  comparison.  This  scatter  is  prob¬ 
ably  due  principally  to  the  extreme  sensitivity  of  the  calculated  velocities  to 
the  values  of  static  pressure  employed, 

A  comparison  between  th*’  theoretical  and  experimental  centerline  velocity' 
decay  characteristics  for  all  the  Jet  Mcch  numbers  investigated  is  peeaented 
111  Fig.  ",  The  theoretical  decay  curves  were  calculated  using  Eqs.  (l6'  and 
'20).  Oonfl  eCTrpnmer,.  1^5  shown  b'.'tweer.  the  analytical  and  experimental  values 
of  centerline  velocity  ratio  except  near  the  transition  between  the  core  region 
and  developed  region.  As  would  be  expected,  this  transition  is  not  discontin¬ 
uous  as  assumed  in  the  analysis  but  occurs  over  a  finite  distance, 

A  c.3!i5)arison  between  the  theoretical  and  experimental  Jet  velocity  spread¬ 
ing  characteristics  is  presented  in  Fig.  8.  The  theoretical  values  of  y*/w 
presented  In  this  figure  were  calculated  from  Kqs,  (12)  and  (15),  crtploying 
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VELOCITY  PROFILE  SIMILARITY  PAf<AMETER  FOR  CORE  REGION 


OPEN  SYMBOLS  DENOTE  LOWER  HALF  OF  JET 
CLOSED  SYMBOLS  DENOTE  UPPER  HALF  OF  jtT 


i/«  :  4 


FIGURE  5  NONOIMENSIONAL  VELOCITY  PROFILES  FOR  CORE  REGION 
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OPEN  SYMBOLS  DENOTE  LOWER  HALF  OF  JET 
CLOSED  SYMBOLS  DENOTE  UPPER  HALF  OF  JET 


« 


VELOCITY  RATIO,  u/Uc 


FIGURE  6  NONDIMENSIONAL  VELOCITY  PROFILES  FOR  DEVELOPED  REGION 


VELOCITY  RATIO  ON  JET 

CENTERLINE,  Oe/u,,  VELOCITY  RATIO  ON  JET  CENTERLINE, 


THEORY 


PERFECTLY  EXPANDED  JET,  (Pe -po) 


DISTANCE  ALONG  JET  CENTERLINE,  %/m 


FIGURE  7  CENTERLINE  VELOCITY  DECAY  CHARACTERISTICS 
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FIGURE  8 
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—  THEORY 
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the  theoretical  re.Tults  presenteti  in  Klg.  7.  For  the  underexpanded  jets, 

Eq.  '21)  was  used  to  define  an  equivalent  exit,  height  of  the  nozzle.  Good 
agreement  is  also  show,  between  the  analytical  and  experimental  values  of  Jet 
spreading  rate  for  the  subsonic  Jets  and  for  the  Ellghtiy  underexpanded  Mach 
1.0  Jet.  Somewhat  poo:er  agreement  is  sho-.m  for  the  higher  Mach  number  super¬ 
sonic  Jots,  it  is  believed  that  the  dlscropancles  shown  for  the  supersonic 
Mach  number  Jets  arc  due  principally  to  static  pressure  distributions  existing 
in  the  Jet  which  were  not  accounted  for  In  either  the  calculation  of  the  exper- 
Ti  Qj>»  4^*%  dc vcicpm'^” t»  cl* 

tioii  for  computing  the  theoretical  Jet  characteristics.  The  static  pressure 
gradients  could  be  caused  by  small  innecuracles  in  the  nozzle  contours  or  pos¬ 
sibly  by  Increased  shear  in  the  Jet.  Tlie  effect  of  stati'’  pressure  gradient  is 
even  more  pronounced  for  the  underexpanded  Mach  1.0  Jet  having  an  exit  static 
pressure  ratio,  Pg/Po,  equal  to  0.59.  For  this  case  the  static  pressure  gradi¬ 
ents  are  caused  by  the  series  of  shocks  and  expansions  characteristic  of  the 
pattern  for  an  underexpanded  Jet. 


For  each  Jet  Mach  number  the  value  of  shear  stress  constant,  x  ,  employed 
in  the  determination  of  the  theoretical  results  presented  in  Figs.  7  and  8  was 
the  value  which  produced  the  best  match  to  the  data.  The  values  of  x  used 
arc  presented  In  Fig.  9  as  a  function  of  equivalent  Jet  M‘'ch  number,  it  is 
c^cn  from  this  figure  that  different  values  of  shear  stress  constant  were  em- 
ployt  1  fc~  "cro  and  developed  regions.  The  reason  for  this  difference  Is 
not  completely  understood.  Two  possible  explanations  arc  (l)  that  these  dlf- 
fejcnceo  arise  because  of  the  assumptions  maac  in  tne  integral  analysis  employed 
or  '2)  that  actual  differences  exist  in  the  momentum  exchange  rates  in  tiie  two 
regions.  These  differences  are  also  suggested  by  comparing  the  results  of  the 
in  ompressible  analyses  for  a  Jet  noundary  and  a  two-dimensional  Jet  presented 
in  Ref.  2.  More  detailed  investigations  of  the  mixing  processes  involved  are 
requirea  to  resolve  these  differences  indicated  above. 


The  increase  in  x  with  increasing  Mach  number  in  both  regions  indicates 
that  the  increased  mo.Tiontum  transferring  ability  of  the  Jet  with  Increasing 
Mach  number  is  apparently  greater  than  that  prodlclcd  by  the  analysis  which 
assumes  x  Isa  constant.  This  dependence  of  x  on  Jet  Mach  number  has  also 
been  shown  for  axisymmetrlc  Jets  in  Ref.  3-  For  the  axisymmetri c  Jet  studies, 
however,  x  was  found  to  decrease  with  Increasing  Mach  number.  It  should 
also  be  noted  that  the  value  of  x  for  each  Mach  number  could  be  appreciably 
effneted  by  the  Reynolds  number.  This  effect  of  Reynolds  number  for  a  two- 
dimensional  incompressible  Jet  is  shown  in  Ref.  4  where  the  core  length  vac 
found  to  increase  with  increusing  Reynolds  number.  This  increase  In  core 
length  eorresponds  to  a  decrease  in  the  value  of  x  .  Further  investigations 
are  r  cecsary  to  dotermine  the  effect  of  Reynolds  number  for  compressible  two- 
dimensional  Jets. 
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In  summary,  it  has  liren  shown  that  thr  intoRral  analysis  presented  herein 
provides  a  quantitative  method  Tor  predicting  the  velocity  profiles  for  perfectly 
expanded  and  slightly  underexpandcd  two-dlrncnsional,  turbulent,  compressible 
3ub;..orgid  Jets  ov.-r  a  range  o^  Mach  numbers.  As  pointed  out  previously,  however, 
additional  investigations  are  required  to  determine  the  effeet  of  Reynolds  num¬ 
ber  on  the  values  of  the  empirical  shear  stress  constant  employed  in  the  analy¬ 
sis. 
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LIST  OF  SYMBOLS 


B 

f'l 
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0 


P 

Pe 


u 


Uc 

u 


X 


X  - 


y 

f 

K 

i 

p 

p. 

T 


'’onstant  in  Fq.  ^6) 

Distance  bt'tween  Jet  centei'line  and  outer  bounoary 
ol’  core 

Distance  between  nozzle  centerline  and  inner  contour 
at  nozzle  exit 

Mach  number 

Static  pressure 

Static  pressure  on  Dree  boundary  of  Jet 
Velocity  parallel  to  Jet  centei’line 
Velocity  on  Jet  centerline 

Ratio  of  centerline  velocity  to  initial  Jet 

velocity 

Total  height  of  nozzle  at  exit 
Distance  along  Jot  centerline 

r;oz2lo  2nd  Pnd  nr  cers  region 

DistufiCe  perpendicular  to  jet  centerline 
Ratio  of  specific  heats 
Turbulent  exchange  coefficient 
Shear  stress  constant 

Transformed  coordinate  perpendicular  to  Jet  centerlli.e 
Density 

Jet  centerline  density 
Shear  stress 
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LIST  OF  SWTOI£ 
(Cont. ) 


Subscripts 


•q  Denotes  equlvulent  conditions 

0  Denotes  conditions  at  nozzle  exit 


Supersc  rlpts 


Denotes  conditions  where  u/uc  =  0.5 
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\  SOLUTION  OF  THE  TWO-DIMENSIONAL  TURBULENT  VISCOUS  CURVED  JET 
USING  THE  IBM  7090  COMPUTER 

by 

PrnfesBor  G.  D.  Boehler 
of 
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and 

Aerophyslcs  Conqoany 
Washington  6,  D.  C. 


ABSTRACT 


A  numerical  solution  of  the  tvo-dlmenslonal  curved  turbulent 
and  Incoinpresslble  Jet  flow,  using  the  IB4  7090  eonq^uter^  Is  presented. 
This  solution  Is  a  stralght-forvmrd  extension  of  the  classical  stralf^t 
Jet  solution.  Its  ^^iily  lliiiltatlon  Is  that  It  acciaics  nlzilar  velocity 
profiles , 

The  solution  Is  obtained  ty  reducing  the  Navler  Stokes  partial 
differential  equations  of  the  curved  Jet  flow  to  a  thlrd>order  total 
differential  equation  of  the  Jartree-Skan  type.  This  equation  Is 
integrated  numerically  on  the  IBM  7090  conqiuter  lining  a  Runge-Kutta 
subi'outlne.  The  boundary  conditions  are  carefully  established  and 
discussed.  T^lcal  numerical  results,  In  the  fora  of  velocity  and 
pressure  distribution  across  the  Jet  are  presented  and  discussed. 
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CHARACTERISTICS  AND  CONTROL  OF  FREE  UMIMAR  JETS 

by 

Alan  Powell 

University  of  California,  Los  Angeles 


The  operation  of  cei^ln  classes  of  fluid  flow  devices  depends  upon  the 
character  of  and  response  to  applied  distiurbanees  of  Jet  flows.  This  paper 
describes  some  relevant  basic  features  of  laminar  incompressible  Jet  flows  as 
a  separate  element  free  of  the  effects  of  adjacent  solid  walls.  The  charac¬ 
teristics  of  the  steady  flow  are  well  established,  theoretically  and  e?qperi- 
mentally.  Results  are  given  showing  how  the  main  Jet  is  deflected  by  side 
Jets,  the  deflection  angle  being  dependent  upon  the  geometry.  Classical 
instability  theory  of  periodically  disturbed  "psuado-laminar"  Jets  has  been 
supplemented  by  recent  experimental  work  which  has  disclosed  the  frequency 
range  for  disturbance  growth  is  real,  spreading,  laminar  Jets.  This  wnrh  is 
now  extended  to  the  case  of  the  main  Jet  being  disturbed  ^  periodic  (modulated) 
side  Jets.  The  classical  oscillatory  feedback  of  edgetonir^  tr'.n  a  w^e-like 
obstruction  1^'ing  In  the  Jet  back  to  the  orifice,  is  discussed,  as  is  also  the 
case  when  a  resonating  element  is  in  the  feedback  path. 

^ .  imODUCTIOW 

The  great  attraction  of  the  wide  class  of  fluid  flow  devices  as  typified 
by  the  fluid  amplifier  is  their  extrem  physical  simplicity;  it  is  aomewhat 
ironic  that  the  challenge  of  thoroughly  understanding  the  details  of  the  flow 
is  one  beset  with  great  coagdication.  Progress  so  far  has  been  along  almost 
purely  ei^irical  lines,  in  that  singularly  few  charaeteristies  can  be  pre¬ 
dicted  by  entirely  theoretical  reasoning,  or  even  with  the  aid  of  the  limited 
experimental  observation  of  that  type  eo  ♦yp<e»l  tr>  fluid  mechanics. 

This  paper  concentrates  upon  the  fundamental  propertlea  of  one  of  the  sev¬ 
eral  major  flow  phenomena  involved,  namely  upon  the  behavior  of  the  M  flow. 

The  most  simple  situation  is  taken,  in  that  the  eomplleated  (and  admittedly  very 
interestingt)  effects  of  side  walls  are  presently  deliberately  avoided.  Further, 
attention  is  limited  to  laminar  flows,  so  that  this  area  nay  be  reasonably 
explored  before  entering  into  queetiens  of  turbulent  or  eompreasible  flow  fields. 

2.  THE  STEAD!  LAMTHAR  JET 

The  steady  two-dimensional  laminar  Jet  Is  one  of  the  few  flow  problems 
which  have  been  solved  ejqpUcitly  and  exactly,  even  though  this  coneeme  flow 
from  an  infinitely  narrow  slit.l  Por  this  flow,  the  erose-sectional  velocl'ty 
profiles  are  similar,  actually  like  secant  curvet.  The  only  variation  ftrom 
cross-section  to  cross-section  Is  the  decay  of  the  centerline  velocity  with  dis¬ 
tance  rsited  to  the  inverse  third  power  and  the  corresponding  spread  in  tha  Jet 
width  vrlth  distance,  actually  to  the  two-thirda  power  ao  that  tha  momentum  flow 
remains  constant. 


289 


In  practice  the  Jet  must  emerge  from  an  exit  of  finite  width,  so  a  trans¬ 
itional  region  occurs  between  the  exit  velocity  profile  and  that  of  t)ie  theory, 

I'lie  latter  being  found  some  distance  downstream.  Careful  experiments  hare 
shown  that  this  transitional  region  must  unfortunately  be  considered  to  occupy 
certainly  most,  if  not  all,  of  ths  distance  of  greatest  Interest  in  the^uid 
amplifier  field,  say  up  to  a  distance  of  ten  slit  widths  from  the  exit. '  Never¬ 
theless,  the  existence  of  the  explicit  solution  has  enabled  much  theoretical  pro¬ 
gress  to  be  made  on  the  important  and  highly  relevant  question  oi‘  Jet  instability, 
to  which  we  return  later. 

If  a  steady  laminar  Jet  flows  into  a  field  of  virtually  unlimited  extent  it 
always  sooner  or  later  loses  ite  steady  character  and  becomes  turbulent.  Even  if 
very  carefully  guarded  from  disturbances,  very  minute  disturbances  are  inevitably 
communicated  to  the  jst  .re  carried  along  with  it,  sooner  or  later  to  reaach 
an  area  of  the  Jet  where  the  width  is  such  that  these  disturbances  are  hl^ily 
unstable.  They  then  become  enormously  aig^fi'^  into  violent  eddying  motions,  as 
can  be  seen  in  the  drawing  of  Fig.  1  (which  was  prepared  from  a  plk)tograph2of  a 
smoke  Jet);  this  is  immediately  followed  by  collapse  to  ragged  turbulence. 

Here  we  are  concerned  with  the  flow  region  prior  to  such  transition  to  turbulance 
(which  occurs  less  spectacularly  and  very  close  to  the  exit  for  turbulent  Jets.) 

1.  DIRECTIONAL  COimOL  BY  STEiDT  SIDE  JETS 

The  main  Jet  flow  may  be  deflected  by  iaqparting  lateral  momentum  to  it  by 
the  lRq>lngement  of  a  side  Jet,  wiuen  in  fluid  amplifier  language  is  termed  a 
control  Jet.^  One  geometry  to  achievs  this  is  dwwn  in  Fig.  2,  together  with 
the  resultant  local  flow  pattern.  The  nonentun  flow  in  the  original  axial  direc¬ 
tion  is  virtually  unaffeet«wi  by  the  presence  of  the  control  Jet;  however  the  eon- 
trol  Jet,  in  pushing  the  main  Jet  from  the  adjacent  wall,  results  in  a  modified 
pressure  distribution  on  that  wall,  so  that  the  lateral  Jet  momentum  ie  not  sim¬ 
ply  that  of  the  control  Jet  flow  itself. 

The  experimental  results  of  Fig.  3  show  how  the  deflection  an^  depends 
on  the  flows  of  the  two  Jets,  the  main  Jet  and  Uie  control  Jet;  the  geometry 
for  these  results  is  that  of  Fig.  2,  the  main  Jet  being  0.635  cm  wide  and  the 
control  Jet  cm  wide,  both  of  them  having  a  length  normal  to  the  paper 

plane  of  15.25  cm. 

A  second  control  Jet  nay  be  ^ced  on  the  left  eide  of  the  main  Jet  of 
Fig.  2,  but  then  the  preeenoe  of  Um  upper  lip  of  the  eeeond  control  Jet  clearly 
iiqpedes  the  deflection  of  the  Jet  by  the  first  control  Jet.  Further,  the  con¬ 
fined  flow  from  the  control  Jet  cauees  an  effective  narrowing  of  the  wain  Jet 
flow,  and  this  may  be  considered  to  te  an  undesirable  feature  for  certain  apidl- 
cations.  With  this  geomstry  the  control  Jet  flow  must  be  doubled  to  achieve  the 
sane  deflection  as  when  the  second  control  Jet  noasle  is  absent.  These  wj  sit¬ 
uations  are  represented  by  the  uppermost  and  lowest  curves  in  Fig.  4. 

The  constriction  in  the  main  flow  caused  by  the  pair  of  control  Jet  flows 
nay  be  relieved  partially  by  set-back  of  the  upper  lip  of  the  notsles;  but  the 
deflection  angles  are  still  considerably  leas  for  the  single  control  Jet  of 
Fig.  2,  sven  with  only  one  set-back  nettle  itreeent.  This  is  also  shown  in  Fig.4, 
tha  curves  narked  2  and  4  being  for  two  and  one  control  noztle  with  set  back 
respectively. 
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If  both  the  top  and  bottom  of  the  nozzle  (see  Fig,  2)  is  set  back  then 
the  apparently  favorable  pressure  distribution  on  the  wall  is  lost,  so  the 
ciurve  marked  3  results.  But  now  the  presence  of  a  second  set-back  control 
nozzle  results  in  a  loc’l  flow  pattern  in  the  additional  flow  cavity  so  formed 
in  such  a  way  that  the  deflections  achieved,  cui've  5»  lire  almost  as  large  as 
for  the  single  eont.ml  Jot  sj^stem  cf  Fig,  2, 

The  question  naturally  arises  as  to  what  amount  of  set-back  results  in 
maximum  deflection.  The  indications  are  that  there  is  such  an  optimum,  for 
Fig.  6  shows  how.  f-vr  a  nnmriOT-  nf  rhllh  jct  flOWS ,  thc  CChtrCrl  jet  fl.CrW  iuTuSt 
vary  with  set-back  in  order  to  maintain  a  constant  flow  deflection  of  20°.  The 
minimum  occurs  at  almost  the  same  value  of  the  set-back  for  all  the  flow  rates 
Considered. 


h,  QUASI-STEADY  RESPONSE 

If  the  flow  rate  of  a  control  jet  is  varied  very  slowly,  the  resultant  jet 
flow  is  almost  straight  for  a  distance  of  several  nozzle  widths:  this  we  may 
call  the  quasi-steady  case.  The  angular  deflection,  at  any  instant,  in  the 
irrediate  neighborhood  of  the  orifice  is  virtually  the  same  as  if  the  control 
jet  were  a  steady  one  of  that  instantaneous  flow  rate,  ftn  example  of  the  flow 
is  sVnwn  in  Fig.  6;  here  the  jet  is  swinging  from  right  to  left.  In  this  partic¬ 
ular  case  the  flow  rate  varies  in  more  of  a  square-vmive  fashion  than  sinusoidally. 
As  the  rd-tchlng  action  commences  a  vortex  '“orms  where  the  jet  begins  to  nwve 
from  the  oxtrene  position,  the  vorte.x  naturally  mc.-.’lng  away  from  thc  nozzle  exit. 

The  <;trn','iial  number  is  a  ver;/  important  factor  in  the  dynamic  case.  It 
ie  defined  as  the  product  of  the  frequency  and  the  jet  width  divided  by  the  mean 
jet  velocity.  Thus,  a  high  Strouhal  number  indicates  closely  spaced  jet  dls- 
t’orbances,  and  a  low  Strouhal  number  indicates  a  relatively  large  spacing.  In 
the  case  of  Fig,  6,  S  =  0.00>*6S, 


5.  DYNAmc  rsspq;;ss 

'^fhen  the  flow  of  the  control  jet  or  jets  is  cycled  relatively  rapL’ly, 
two  new  effects  appear.  Firstly,  because  the  control  jet  interacts  with  a  fin¬ 
ite  region  of  the  main  jet,  some  local  averaging  cut  must  oe  expected.  Secondly, 
and  much  nore  important,  is  that  the  combined  jet  takes  on  a  wavy  form,  and  this 
is  very  unstable  for  wavelengths  of  Internsdlate  length,  the  instability  being 
greatest  for  ’wavelengths  equal  to  about  six  Jet  widths.  In  other  words,  the 
inherent  instability  of  the  jet  results  in  a  nearly  exponential  growth  of  the 
disturbance  amplitude  far  in  excess  of  the  almost  linear  one  arising  from  the 
jet  merely  being  directed  in  differing  directions.  The  Strouhal  number  is  a 
crucial  parameter  in  determining  the  flow  pattern.  At  a  value  of  0.073  the  flow 
is  unstable,  but  not  greatly  so,  and  the  wavelength  is  long.  Thus  ths  flow  pat- 
tero.  Fig.  7,  is  virtually  that  of  a  quasi-steady  Jet. 

At  S  ss  0.27  the  flow  is  extremely  unstable.  Fig.  8, 

At  higher  Stroiduil  numbers  the  instability  decreases  and  then  becomes  stable, 
see  Fig,  9  and  10  where  S  =  0.71  and  1.9  respectively.  The  Strouhal  number  for 
the  neutrally  stable  case  Is  difficult  to  locate  exactly,  since  the  degree  of 
instability  actually  varies  along  the  length  of  the  spreading  jet,  and  in  any  case, 
the  overall  effect  varies  rather  slowly  with  frequency.  Under  different  conditions 
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of  excitation  a  value  of  about  0.5  was  found  to  correspond  to  neutrally  stable 
conditions. 

6.  EFFECT  OF  OBSTACID  IN  STRK/tM  -  SELF-EXCITED  CSCILIATIONS 

Tf  an  nbjp.'t  i?  placed  on  the  initial  centerline  so  as  to  divide  the  flow, 
one  of  several  flow  patterns  may  result  even  in  the  absence  of  flow  from  the 
control  Jets.^  If  the  object— a  cylinder  or  wedge— is  relatively  close  to  the 
edge  the  steady  flow  may  become  completely  bifurcated  even  if  the  object  is 
quite  small:  if  the  object  is  very  amall .  however,  the  flow  will  recombine  cn 
ti.e  do^mstream  side.  Fig.  11  illustrates  theso  basic  flows. 

But  if  the  spacing  between  orifice  and  object  exceeds  a  certain  critical 
distance,  violent  self-excited  oscillations  ensue.  This  action  takes  place 
both  in  a  liquid  and  in  a  gas;  in  air  the  fluctuating  force  on  the  object 
results  in  sound  generation  known  as  the  edgetone.  This  is  a  natural  feed¬ 
back,  the  interaction  of  the  eddying  flow  at  the  object  disturbing  the  Jet  as 
it  leaves  the  orifice,  see  Fig.  1?.  As  one  would  expect,  such  self-excited 
oscillations  occur  in  the  frequency  range  of  greatest  Jet  Instability.  The 
condition'"  and  amplitude  of  the  oscillations  have  receive-'^  much  attention  at 
low  speeds. example, we  now  know  that  the  amplitude  of  the  disturbance 
caused  at  the  exit  nay  be  amplified  several  thousand  tines  before  reaching  the 
obstacle  in  the  stream.  One  of  the  interesting  features  is  that  smooth  varia¬ 
tions  of  the  frequency  with  Jet  velocity  and  with  spacing  are  separated  bv 
quite  sudden  discontinuities*  ’•.nere  occur  so  as  to  bring  the  frequency  back 
closer  to  that  for  maximum  instability. 

7.  FES3ACK  VLi  A  RE5Q?'iAT0R 

A  second  feedback  path  may  be  introduced  In  several  ways.  One  method 
is  shown  In  Fig.  lU,  in  which  a  cylindrical  pipe  resonator  reminiscent  of  an 
organ  pipe  has  been  added  to  the  basic  system.  In  this  case,  the  working 
fluid  is  air.  With  the  Q-factor  of  the  resonator  high  enough,  the  oscillation 
is  not  only  forced  to  occur  very  close  to  one  of  the  resonant  frequencies  of 
the  nine,  but  the  ?elf-eTcite<i  oscillation  neeurc  over  a  much  greater  range 
of  parameters.  Although  t>'e  organ  pine  is  of  ancient  origin,  it  ha 3  only  very 
recently  become  possible  to  predict  which  of  the  several  resonant  frequencies 
will  be  generated  and  'with  Tdiat  power?;  the  action  at  the  open  ends  of  the 
resonator  is,  of  course,  greatlj'  amplified. 
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ASYMMETRIC  BIFURCATED  JETS 


PNEUMATIC  LIN2AR  CIRCUITS 
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INTHCOUCTION 

The  importance  of  demonstrable  analogies  between  pneumatic  and 
electrical  and  mechanical  systems  is  that  we  can  apply  the  same  kinds  of 
circuit  theory  to  predict  the  behavior  of  a  given  pneumatic  system  and 
to  design  for  desired  performance  characteristics* 

FLOW  OF  GASES 

Flow  rate  of  crtn:  in  pneumatic  circuits  corresponds  to  current  in 

electrical  circuits  or  velocity  in  mechanical  analysis*  It  is  thr  rate 

of  movement.  In  a  pneumatic  circuit  which  is  in  temperature  equilibrium^ 

flow  rate  is  the  number  of  cubic  inches  of  gas  passing  a  given  point  in 

one  second  when  that  gas  is  measured  at  unit  pressure*  For  examples  if 

30  cubic  inches  at  12  psia  pressure  were  to  flow  past  a  point  in  3 

seconds  tinie*  the  flow  would  be  35  in?  x  12  psia/psia  ■  140  cu.  in*/scc* 

3  sec. 

In  multiplying  directly  by  12  psia/psia  to  obtain  the  cubic  inches  of 
gas  at  1  psia  we  assume  the  application  of  the  perfect  gas  law  PVsNRTf 
which  is  a  linear  relationship. 

Flow  rate  may  vary  with  time  and  be  an  alternating  flow  Just  as 
current  or  velocity  in  electrical  and  mechanical  systems  may*  Alter¬ 
nating  or  variable  flow  rate  is  symbolized  by  u(t)  and  steady  flow 
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rato  by  U,  Its  integral,  Charge,  is  symbolized  by  X  and  x(t),  the 
equivalent  volume  at  unit  pressure  in  a  specified  geometric  volume 


To  compare  two  linear  circuits  each  of  which  is  at  a  different 
temperature,  it  is  convenient  to  convert  the  quantity  of  flow  to  molal 
units*  For  examplet'  a  flow  rate  of  is)  cu*in./sec*  at  70OF.  The  volume 
is  transformed  by  use  of  the  equation  PYeNRT, 


N  «  FV 
RT 

N  s  1  X  80 

18,510  X  (4t.CH-70) 

N  •  E.16  X  10"^  Ib.mols 

There iute  80  cu*  in*/sec  at 
70<*F  is  equivalent  to  8.16  x  10"® 
Ib-mol s/sec. 


where  P  *  unit  pressure,  psia 

V  ■  vcluae,  cu.  in. 

T  ■  Absolute  temp.  ^Rankins 

N  *  Quantity  of  Gas,  Ib-ools 

R  s  Gas  Constant, 

18,510  lb  in./(lb-mols)-«R 


Analysis  of  pneumatic  circuits  that  are  not  in  temperature 
equilibrium  stusc  include  this  factor*  As  an  example,  snalysis  of  a 
system  involving  the  siovement  of  a  hot  gas  to  a  cooler  volume  must 
reflect  the  effect  of  temperature  transients*  Elimination  of  the 
considerstion  of  temperaturs  and  tesipsrature  transients  from  the 
equations  snd  maasurements  in  a  linaar  pneumatic  system  is  treated 
separately  in  molal  units*  The  principle  limitation  in  tha  application 
of  this  approach  has  bean  the  lack  of  adequate  meesuring  Inatruments* 

FREGSUkfc 

Pressure  or,  in  the  English  system,  the  pounds  of  force  exerted  on 
each  square  inch  of  area  corresponds  to  voltage  In  electrical  circuitry 
or  force  in  mschanicel  systems*  The  net  effective  pressure,  or  the 
difference  in  pressure  between  two  points,  may  vary  with  time  in  tha 
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same  manner  as  voltage  and  is  symbolized  by  p(t),  or  by  P  for  steady 
non-varying  pressure.  The  basic  reference  pressure  does  not  have  to  be 
absolute  zero  just  as  ground  in  an  electrical  systess  can  have  a  voltage 
and  force  can  be  the  resultant  after  a  counter  force  is  taken  into 
account. 

A  centrifugal  compressor*  a  source  of  constant  pressure*  is 
analogous  to  a  battery  supply  of  dc  voltage  and  a  piston  compressor 
supplying  variable  pressure  to  an  ac  voltage  supply. 

Because  of  its  extent  the  open  atmosphere  and  its  constant  supply  of 
non-varying  pressure  is  also  equivalent  to  a  constant  pressure  source  or* 
in  electrical  terms*  a  battery.  The  level  of  this  atmospheric  pressure 
source  varies  with  altitude  and  weather  conditions. 

Terms*  Definitions*  Units  and  Dimensions  for  the  parameters  of  a 
pneumatic  circuit  are  shown  in  table  X.  Circuit  element  analogies  for 
pneumatic*  electrical  and  mechanical  systems  appear  in  table  XI* 

CIRCUIT  EIZHEtH'S 

Resistance  to  the  flow  can  be  represented  by  an  orifice  in  a  line* 
if  a  unit  difference  of  pressure  between  the  two  sides  of  an  orifice 
causes  a  unit  flow  of  gas  of  1  cubic  inch  per  second  through  the  orifice* 
the  orifice  is  cr.:  unit  of  resistance* 

A  pneuBMtlc  capacitor  is  a  simple  geowtrie  volume  and  its  capacity 
is  the  ratio  of  the  charge  in  cubic  inches  of  gas  in  the  volume  when 
measured  at  1  psia  to  the  pressure  in  psia  in  the  volume.  For  perfect 
gases  this  ratio  is  the  geometric  volume  of  the  capacitor  in  cubic  inches. 
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Again  we  see  the  similarity  to  electrical  parameters  where  electrical 
capacitance  is  the  ratio  of  the  charge  on  the  capacitor  to  the  voltage 
across  the  capacitor.  In  the  mechanical  system  the  spring  ret*  of  a 
spring  is  the  force  required  on  the  spring  for  every  inch  of  coopxessioni 
this  is  the  reciprocal  of  capacitance. 

Leakage  of  molecules  of  gas  through  the  walls  of  a  closed  volume 
is  analogous  to  the  leakage  of  electrical  charge  from  a  condenser  or^  in 
the  mechanical  system*  to  the  creep  in  the  metal  nt  a  spring  subjected  to 
compression  over  a  long  period  of  time. 

The  energy  due  to  the  flow  or  velocity  of  the  molecules  of  gas  is 
stored  in  an  inductive  field.  An  inductance  element  can  be  provided  by 
a  channel  or  tube  in  which  gss  flows.  If  it  is  desired  to  increase  the 
flow  by  accelerating  the  volumetric  movement  of  the  gas  at  one  cu.ln./ 
sec.^  a  counter  pressure  of  one  psia  must  be  overcome.  Or  conversely 
if  the  flow  decreases  or  tne  gas  decelerates  at  one  cu.in./sec.^  there 
will  be  an  induced  pressure  of  one  psis. 

The  kinetic  energy  expended  in  the  movement  of  a  gas  in  a  pneumatic 
circuit  is  transferred  to  this  inductive  field.  It  is  equal  to  l/2  Lu^* 
In  the  units  we  are  using  this  is  in  lb.  in.  and  is  analogous  to  the 
stored  magnetic  field  energy  of  an  alectrical  inductance  or  in  the 
mechanical  analogy  l/2  mv^.  The  equation  is  derived  from  the  work  done 
to  push  a  charge  of  gas  through  an  inductance.  This  work  is  the  pressure 
times  the  charge. 

Since  total  charge  is  flow  timet  time  or  u  dt*  we  have. 
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P  S  L  dsi 

dt 

p  .  u  dt  ■  L  du  »  u  dt 
dt 

since  pu  dt  *  p  dx  B  dE|^ 
dEj^a  p  dx  ■  Lu  du 

Ek  =  i 

2 

The  potentiel  energy  of  a  pneumatic  circuit  is  stored  in  the  gas 
charge  in  the  capacitance*  T.t  is  analogous  to  the  storage  of  charge  on  an 
electrical  condenser  or  the  storage  of  potential  energy  in  a  compressed 
mechanical  spring.  It  is  the  ivork  initially  necessary  to  charge  the 
capacitance  to  its  pressure  and  is  equal  to  one  half  of  the  product  of  the 
pressure  and  the  charge.  It  is  derived  in  the  standard  lunner. 

The  energy  units  are  lb.  in.  when  pressure  is  in  lbs  per  sq*  in.  and 
charge  in  cu*  in. 

ANALOGIES 

Taking  the  parameters  we  have  discussed  we  can  build  several  inter* 
esting  analogies  between  pneusiatict  electrical  and  mechanical  circuits. 
These  are  shown  in  table  111* 

PRESSURE  DRIVING  FORCES 

Flow  through  these  circuit  elements  will  occur  when  a  dri<'ing  force 
is  applied.  Since  pressure  variations  result  from  many  varied  causesi 
the  resulting  pressure  versus  time  curves  can  be  very  complex*  We  srill 
briefly  consider  a  few  simple  examples.  Pressure  curves  encountered  in 
actual  practice  can  in  many  instances  be  described  by  these  forms,  or 
superpositions  of  them. 
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This  represents  the  transient  pressure  curve  for  a  system  ncrsially 
opcriting  at  a  constant  prescuro  (P^)  when  It  is  connected  to  a  system  of 
higher  pressure  (P^)  through  an  orifice*  A  leak  in  a  vacuum  system  would 
produce  such  a  pressure  characteristic^  oC  is  the  characteristic  of  the 
system. 

This  last  varying  pressure  curve  is  of  particular  interest  because 
it  represents  a  physical  situation  frequently  encountered*  When  a 
disturbance  fron  an  equilibrium  condition  occurst  in  this  type  of  systeffli 
«  new  e^jl librium  Is  approached  exponential ly, 

example 

As  an  example  of  the  effect  of  a  disturbing  force  upon  e  pneumetic 
system  take  the  second  sycten  shown  in  the  table  of  enelogieSf  table  111* 

It  includes  an  enclosed  •.  •oroetric  volume  (representing  capacitence) 
with  an  orifice  (representing  resistance)*  The  system  iSf  for  the  present. 
conslHared  to  be  free  of  inductance* 


Tho  schematic  and  governing  equations  are  shown  below* 


30-» 
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Pfi{t)  =  Applied  Pressure. 

Prv(i)  -  Pressure  in  Enclosed  Volume,  C, 

/i  p(t)  =  Difference  in  Pressure  between  pp  end  p^, 

u(t)  -  Instantaneous  Volume  Plow  through  Orifice. 

R  ~  Resiblance  of  Orifice,  a  constant. 

C  -  Capacitanc''  cf  Volume,  a  constant 

z  Circuit  Characteristic  *  2_»  a  constant. 

RC 

t  =  Time  Measured  from  Onset  of  Pressure  Disturbance  at  t  =0 

Under  steady-state  conditions* 

l)  Pr(0)  s  P^tD)  “  a  constant  system  pressure. 

pRvt),  Time  varyino  pressure  is  imposed  upon  the  system, 

'/fhatever  the  nature  of  ♦he  disturbing  force! 

2/  PaCt)  s  PrCo)  +  i  r  u(i)  dt 
^0 

3)  /ip(t)  -  Pfj(t)  -  Pg(t)  ~  R  u(t) 

As  a  particular  exanple  of  the  use  of  this  pneumatic  system  consider 
an  instrument  designed  to  monitor  the  rate-of-change  of  pressure  In  a 
closed  vessel. 


t>0 
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Thi*  constant  pressure,  P2*  in  a  sealed  pressurized  vessel  is  being 
monitored  by  this  instrument.  The  parameters  oi  the  instnnient  must  be 
of  such  magnitude  as  not  to  Influence  the  effect  being  observed  beyond 
acceptable  limits.  This  vessel  is  iasuersed  in  another  system  of  constant 
but  lower  pressure  (this  could  be  atmospheric  pzassuia}.  •'<*'*  *n 
opening  is  made  in  the  vessel  resulting  in  an  exponentially  decreasing 
pressure,  Pfj(t),  dependent  upon  the  resistance  of  the  leak  and  the 
capacitance  of  the  vessel. 


p  *  Pg  -  **1 

Characteristic  of  the  fault 
and  capacity  of  the 
pressurized  vessel, 

RC 


at  t  =  0  Pr(0)  =  pp(C)  *  Pp  S  P,  ♦  P 

The  monitoring  system  whose  circuit  characteristic  is  ^  ,  (x),  is 

RC 

responding  to  thli  exponentially  declining  pressure  P|^(t)  in  the  following 
manner.  a 


The  circuit  equetlon  let 

R  uCt)  ♦  Pg(t)  «  pj^(t) 


with  the  solutions 


R  u(t)  ♦  1  J  ■  ^**1  *  **( 


.  -  Pb'W 


u(t)  *  L  C  u(t)  dt  *  -p  (1  -  t 

»i^5!5c 
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Note  that  the  true  direction  of  flor  Ic  reversed  from  that  shown  in 
the  circuit  diagraoii  therefore! 

=  Pg(t)  -  p^(t) 

/^p(t)  s  -  R  u(t) 

TKa  ^Ka  r^aa^niaa  f  4  }  1 

between  the  monitoring  instrument  and  the  vessel »  because  it  is  this 
quantity  Ay  that  is  used  to  actuate  an  indicating  system* 

Graphically!  results  can  be  shown  as  followsa 


The  value  for  maximim  /lp(t)  can  be  relatad  to  the  oC  and  ^ 
charactaristles* 

APmax  ■  P  •  “***  **>ere  t^^  *  In  oC 

^  -(o<ra>  ) 

The  significance  of  these  results  can  be  discussad  as  followst 

The  monitoring  instrument  (capacitance  with  orifice)  can  be  built 
to  have  a  desired  characteristics  ^  .  Then,  for  a  given  known  Pj,. 

^2  system  actuation  of  the  instrument  can  be  achieved  for  a  designatad 
cC.  value*  This  suggests  use  for  controlled  flow  at  a  desired  rate  as 
well  ac.  use  as  an  alarm  to  signal  laaks* 

Tha  problem  of  measuring  a  fault  in  a  continuous  flow  pipe  would  be 
different  from  this  example,  o(  would  be  different,  and  would  be 
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related  to  the  characteristic  impedance  as  In  an  electrical  transmission 
line. 

A  fundamental,  if  obvious,  point  is  that  wc  are  dealing  with  a 
transient  response  and  using  the  teinporary  effect  of  the  disturbance  as 
our  sional  nr  Hrlvlnri  forr«  fjT  the  nonitorino  instrusenti 

The  extension  of  the  preceding  analysis  to  a  pneumatic  system 
including  inductance  will  obviously  result  in  more  complex  equations 
because  we  must  now  consider  ^  p  through  the  inductance  as  well  as 
through  the  resistance  of  the  orifice.  Basically  the  approach  is  similar. 
The  solutions  of  the  analogous  electrical  RIC  circuits  can  be  found  in 
standard  texts  on  transient  analysis. 
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CONCLUSION 


One  of  tN*?  circumstances  ttiat  led  to  tne  original  rapid  development 
of  electrical  circuit  theory  was  the  ability  to  experimentally 
substantiate  theoretical  equations,  fhis  was  due  to  our  ability  to  lump 
and  thus  orient  and  control  the  electrical  circuit  constants  at  low 
trequencies.  It  is  much  more  difficult  in  pneumatic  work  to  lump  the 
circuit  constants.  Most  circuit  elements  contain  significant  values  for 
the  three  parameters!  iriductancc»  capacitance  and  resistance. 

Advances  in  the  meteorological  field  and  new  instrumentation  in 
the  rocket  and  missile  field  exemplify  this  progress.  The  work  here  at 
DIA.VC;J)  CROfjAtXIE  FUZE  LABORATORIES  gives  us  an  insight  into  the 
potential  applications  of  fluid  control.  In  taims  of  power  alonet  the 
movement  of  terrestrial  and  extra  terrestrial  gases  is  tremendous; 
direct  control  of  pneumatic  forces*  without  recourse  to  conversion 
processes  is  another  new  and  challenging  area. 


The  authors  acknowledge  with  grateful  appreciation 
the  careful  review  of  this  peper  by  Dr.  Kenneth 
Staffin  of  Stevens  Institute  of  Technology. 
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ANALOGIES  OF  FNEUmiC.  ELECTBICAL  fc  KtCHANIC^L  CnCl HT  PARAIHETERS 
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GAIN  ANALYSIS  OF  THE  PROPOPTIONAL  FLUID  AflPLIFIER 


by 


S.  .1.  Pepf:rori#' 


Silas  Kat?. 
John  M.  Goto 


of 


Diamond  Oidnance  Fuze  Laboratories 


Figure  1.  Proportional  fluid  amplifier  --  basic  design. 
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1.  INTRODUCTION 


To  achieve  fluid  anp] i f1  cation  without  mechanical  moving  parts,  a  power 
nozzle  Is  used  to  transform  the  energy  initially  stored  in  static  pressure 
into  dynamic  pressure.  Tnis  power  stream  of  high  energy  fluid  passes  through 
an  interaction  region  and  is  partitioned  into  two  output  aperturtjs  as  shown 
in  fig.  1.  Control  streams  placed  at  each  side  and  usually  normal  to  the 
power  stream  determine  the  ni  section  of  flow  of  the  power  stream.  Variations 
in  the  net  thrust  of  the  control  streams  change  the  deflection  of  the  power 
stream,  and  thereby  change  the  division  of  fluid  between  the  two  output 
apertuifs  (fig.  2). 

The  gain  of  a  proportional  amplifier  is  defined  as  the  ratio  of  the 
change  in  the  variable  of  Intei-est  at  the  output  to  the  change  of  this 
variable  at  the  input  -  that  is,  the  ratio  of  output  to  input  signal.  A 
theoretical  analysis  that  follows  was  made  of  the  gains  in  pressure,  volume 
flow,  and  power;  predlc'lons  were  compared  with  experimental  data.  An  In¬ 
compressible  fluid  was  assumed  in  this  analysis  and  the  measurements  were 
made  using  air  at  less  tluin  5  psig* 

2.  CHARACTERISTICS  OF  JET  STREAMS 

'^he  operation  of  a  proportioning  fluid  amplifier  is  dependent  upon 
controlling  and  collecting  the  fluid  stream  issuing  from  a  nozzle.  To 
understand  fluid  ampliflculiou,  therefore,  some  Knowledge  of  jet-stream 
cliaractcri sties  is  necessary. 

A  fluid  stream  discharging  into  a  fluid  initially  at  i^st  undergoes 
both  latered  diffusion  and  decelei*ation  (ref.  2)  wliile  tire  surr-ounding 
fluid  is  brought  into  motion.  Fne  reason  for  this  is  that,  at  the  exit  of  the 


_Z0NE__PF_  ZONE  OF 

r  ESTABLISHMENT  FSTABLISHED  FLOW 


EMANATION  OF  JET 


-2*  0*  2*  4* 

STREAM  POSITION  ANGLE,  6,  DEjkEES 


Figure  4.  Experimental  profiles. 


iioj'zle,  a  high  velocity  gradient  exists  between  the  stream  and  tlie 
surrounding  fluid.  Edcie'’  go pr- in  this  rejj'ion  produce  a  lateral 
mixing  process  resulting  In  the  formation  of  two  distinct  regimes  (fig.  3)j 
the  zone  of  establishment  and  the  zone  of  established  flow.  Over  an  extremely 
vide  range  of  P.ejciolds  number  (’•ef.  2),  ttie  Rtream  eharaeterl sties  remain 
essentially  uncharged.  The  zone  of  establishment  ends  about  6  nozzle  widths 
downstream  from  the  nozzle  exit  for  the  conditions  of  Interest  here.  In 
this  zone  the  nixing  process  has  not  penetrated  to  the  center  line  of  the 
Jet  stream,  and  the  conditions  at  uhe  center  line  are  still  the  same  as  at 
the  nozzle  exit.  At  approximately  6  nozzle  widths  the  fluid  enters  the  zone 
of  established  flow.  In  this  region  the  velocity  throiighout  the  stream 
decreases  as  the  distance  from  the  nozzle  exit  increases. 

The  fluid  In  the  amplifier  under  consideration  differs  from  the  stream 
described  above,  because  it  is  confined  between  parallel  plates.  In  the 
unconfined  stream,  only  the  tengentlal  Rhear  within  the  mixing  region 
decelerates  the  Jet  stream,  and  since  this  process  is  completely  Internal, 
momentiic  flu;:  is  conserved.  In  the  confined  stream,  the  top  and  bottom 
plates  exert  a  shearing  force  on  the  stream.  This  process  is  external  to 
the  stream,  and  momentum  flux  is  not  conserved.  Consequently,  the  zone  of 
established  flow  appeeurs  to  emanate  from  a  point  on  the  center  line  farther 
upstream  from  the  nozzle  than  the  apparent  point  of  emanation  of  an  unconflned 
stream  (ref.  3)* 

Dynamic  pressure  profiles  (taken  at  DORj)  of  a  two-dimensional  (2-D) 
stream  confined  between  parallel  plates  are  shown  in  fig.  4.  The  ratio  of 
the  distance  between  plates  to  the  nozzle  width  (aspect  ratio)  was  8. 
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Integration  of  these  profiles  confirms  the  fact  that  momentam  flux  is  not 
conserved,  but  decreases  with  increasing  distance  from  the  nozzle  exit. 

In  this  case,  the  stresm  appears  to  emanate  from  a  point  U  nozzle  widths 
upstream  from  the  exit.  As  the  aspect  ratio  is  lowered  this  distance  Is 
pvT#»ct.ed  t.(i  increese, 

Tiie  maximum  pressure  of  tiicse  experimental  profiles  occurs  on  the 
center  line  of  the  strewn.  These  data  show  that  the  maximum  pressure 
7  nozzle  widths  downstream  of  the  exit  dropped  to  95  per  cent  of  the  exit 
pressure;  at  11  nozzle  widths,  to  68  per  cent  of  the  exit  pressure.  Ttie 
chape  of  these  profiles  is  similar  to  those  found  In  ref.  2  for  2-D  Jets 
without  parallel  plates. 

It  is  to  be  noted  that  the  exp'orimental  pi-ofJles  were  obtained  In  the 
absence  of  output  apertures.  Experimental  evidence  indicates  tha*  the 
static  pi'esbui^  throughout  the  zones  of  motion  is  constant  If  no  obstructions 
arc  present.  The  stagnation  pressure  at  the  edges  of  the  apertures  affects 
the  profiles;  however,  if  the  edges  are  sharp,  this  effect  is  believed  to  be 
small. 

3.  ANALYSIS  OF  POWER-JET  I«FLECTIOW 

Ihe  following  analysis  of  the  power- Jet  deflection  by  means  of  the 
control  stream  is  based  on  three  assumptions: 

(l)  The  fluid  Is  incompressible  and  frlct lonlesB. 

(c)  Tue  flow  Is  steady. 

(3}  The  Impingement  of  the  control  stream  on  the  power  stream  may 
be  viewed  as  a  2-D  potential  motion  problem  where  the  power 
Jet  Is  considered  as  a  nondefomable  wall.  IMs  means  that 
Lijere  is  no  mixing  between  the  control  and  power  streams. 

324 


Figure  S(a).  Jet  iMplnging  on  a  flat  wall. 


Figure  S(b).  Fluid  aeplifler  Interaction  region. 


The  thnjr.t  exerted  by  the  control  stream  on  the  iKiwer  Jet  is  computed 
I'rom  Newton 'r.  second  law,  which  for  a  frlctionless  fluid  in  steady  motion  rray 
be  wi'itten  as 

2F  -  -»  ^i>aA  (1) 

SitriiLiC 

_>  -> 
where  o  and  v  are  the  density  and  velocity  of  the  control  stteam,  dA  is 

incremental  area,  p  is  static  pressure,  and  g  is  the  gravitationed 
s  c 

conversion  factor.  This  equation  simply  states  that  the  sum  of  the  external 
I'orces  acting  on  the  system  is  equal  to  the  rate  of  change  of  momentum  of 
the  bounded  mans  system. 

Assuming  that  the  problem  of  determining  the  velocity  v^  is  similar  to 
the  classical  problem  of  the  impingement  of  an  incompressible,  frictionless, 
steady  scream  on  a  fiat  wall,  the  result  is  given  by  the  curves  of  fig.  5a* 
The  solution  shows  (ref.  4)  that  the  streamlines  are  hjTperbolas  whose 
asjTnptotes  are  the  x  and  y  axes.  The  control  stream,  therefore,  follows 
along  the  side  of  tne  power  Jet  with  no  bounce.  If  the  configuration  in 
fig.  5a  is  modified  by  inserting  walls  at  the  middle  and  edge  filaments,  and 
If  the  power  Jet  replaces  the  wall,  the  streamlines  remain  essentially 
unchanged  (fig.  5b). 

The  geonetry  of  the  classifeal  problem  now  conforms  to  the  interaction 
region  of  the  fluid  amplifier  and  is  determined.  The  desired  relation 
between  stream  thrust  and  deflection  angle  is  derived  in  App.  A. 
k.  THEOIiETICAL  DEVELOPMENT  (»'  GAIN 
4.1  now  Gain 

The  flow  gain  of  a  proportional  amplifier  is  defined  as  the  ratio 

of  the  change  in  the  output  volumetric  flow  difference  to  the  change  In 
3Z6 


(2) 


input  volumetric  flow  difference,  so  that 

AQ^ 

or 


-  Sj) 


(ea) 


where  the  subscripts  L  and  R  refer  tc  the  left-  and  right-output  apertures, 
and  2  eind  3  refer  to  the  left-  ^uld  right-control  nozzles,  respectively. 

The  output-flow  difference  ^  is  a  function  of  the  pressure 
profile  p(0, 0  ),  the  angle  subtended  by  the  apertures  6.  and  the  downstream 

S  Q 

distance  of  the  apertures  I  where  0  is  an  arbitrary  angle  and  0  is  the 

c 

stream  deflection  angle: 

-  S,  (9. 

The  total  differential  of  equation  (3)  ia 


(V) 


For  small  increments,  the  flow  gain  nay  be  written  as 


«  ao^  “hGu  49  i9t  d9i  •)GU  At 


Assuming  that  the  pressure  profile  does  not  change  for  small  control 

d0  jk 

inputs,  >  0;  and  since  0^  and  %  are  Independent  of  Q^,  the  gain  expression 
reduces  to 


From  the  dorinltion  of  flow  rate,  the  output  flow  difference  may  be 


written  an 


A,  ^  . 

L  cu^k. 


(7) 


wheiv  A^,  for  example,  is  the  urea  of  the  left  aperture  and  is  the 

average  velocity.  For  an  i  ncomprecsible  fluid,  the  total  pressure  at  the 

entrances  and  exists  of  the  apertures  is  the  sum  of  the  static  and  dynamic 

pressure;  moreover,  the  static  pressure  of  the  fluid  stream  approaching 

nonloaded  apertures  is  ambient,  so  that  the  output  volume  flow  rate  may  be 

computed  from  p  =  ^  v^.  In  terms  of  the  pressure  profile  p(o  +  fi  ,  j)  the 

s 

average  velocity  is 


and  the  output  volume  flow  rate  is 


The  relation  between  stream  deflection  y  and  Input-flow  difference 
is  derived  (App.  A)  by  applying  the  momentum  equation  to  the  interaction 
i-egion.  If  tlie  left  and  right  control  areas  are  equal,  tie  relation  is 
approximately 
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tiL.v  r  = 


(9) 


^  ^QiQa) 


where  a  Is  the  ratio  of  dynamic  to  total  pressure,  ♦  is  the  difference  in 
deflection  between  power  strerim  and  control  stream,  and  the  subscript  1 
refers  to  the  power  nozzle. 

It  should  be  noted  that  the  anRles  and  7  are  measured  from 
different  vertices.  Experiments  liave  s.nown  that  the  power  stream  appears  to 
radiate  from  a  source  approximately  r.ozzle  widths  upstream  of  the  power- 
jet  exit  (for  an  aspect  ratio  of  8),  but  it  is  deflected  about  the  point  of 
Intersection  of  the  power-  and  control-nozzle  center  lines. 

From  fig.  1,  the  geometrical  relation  between  angles  0  and  7  is 

s 

(10) 

where  L  Is  the  downstream  distance  from  the  point  of  apparent  emanation  to 
the  apertures  and  w^  Is  the  control -nozzle  width. 

If  the  areaa  of  the  left,  and  right  apertures  are  equal,  the  theoretical 
flow  gain  obtained  by  combining  eq.  (6),  (8),  (9),  (lO)  and  ncim'iillzlng  the 
pressure  Is 
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(11) 


G  = 


K«,A,A.T,r‘W 

/’(V^A) 

Q,  a;  ©a  O 

where  refers  to  the  maximum  pi'essure  of  the  profile, 

2Ax 


K  = 


aad 


a. 5  A 


and  where  It  must  be  kept  in  mind  that 


‘V  \ 


't)e 


k.P  Prensure  Gain 

The  pressure  gcdn  of  a  proportional  fluid  amplifier  is  defined 
as  the  ratio  of  change  in  total  output  pressure  difference,  to  the  change 
in  total  input  pressure  difference.  This  may  be  written  as 


(12) 
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I 


or 


(12a) 


The  output  pi-esBure  dlffei'ence  Is  a  function  of  the  pressure 
profile,  p(0,0  ),  the  width  of  the  aperture  6,,  and  tlie  downstream  distance 

5  ^ 

of  the  apertures  i.  ;  that  Is 

•f.  '  (13) 


The  total  differential  of  equation  (13)  is 


>e  '  >6^  “  ^JL 


For  small  increments,  the  pressure  gain  may  now  be  written 


as 


r  ^  69t  a»i 

afi  >e,  4fi  >jt 


(15) 
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Assiuning  that  the  pressure  profile  Hoes  not  'change  for  small 
control  Inp'Uts,  anJ  since  and  £  are  Independent  of  the  gain 
expreccion  reduces  to 


G 


(16) 


From  the  assumptions,  the  output  pressure  Is  1n  the  form  Of 
djnam^c  pressure;  therefore. 


fo 


i-  r  ‘ 


(17) 


ay  using  the  expression  for  average  velocity,  the  output 
pressure  difference  is 


(*•  1 

t 

^  f*  1 

f.’- 

0 

— 

-•< 

(18) 
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Tlie  relation  between  stream  deflection  and  input  pressure 


difference  is  derived  In  App.  A.  If  the  left  and  right  control  areas  are 
equal,  the  relation  is  approximately 


A,  (|4 


(19) 


From  the  geometrical  relation  In  equation  (lO),  equation  (19) 
may  nc  written  as 


tftyL  s 


Ay  (i-— *1^* 
A,  L  (l+«>^,  )1P, 


(20) 


A  theoretical  expression  for  pressure  gain  is  obtained  by  combining 
equations  (ifi),  (18),  (20),  and  normalizing  the  pressure  so  thac 


rl{9)  m 

e 

(21) 


3?  4 


where,  as  before, 


2. Ax  (x.-  X*  “ 

A.Lk^  (l+oc,) 


4.3  Power  Gain 

The  power  gain  may  be  defined  in  termp  of  pressure  gain  and  f 
gain,  60  that 


/V  f i  A 


(22) 


or 


^  ft. 


(22a) 


The  theoretical  expression  for  power  gain  is,  therefore,  obtained 
by  multiplying  equation  (U)  by  equation  (2l). 
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.  APPLICATION  Oy  THEORY 

5.1  PredlptlnR  the  Gain  of  a  Fluid  Amplifier 

The  theoreticul  expreofilons  for  flow  and  pressure  gain  are  given 
in  equations  (ll)  and  (2l).  Gains  are  calculated  from  tliesp  equations  by 
opecllYlng: 

(a)  The  chape  of  the  pressure  profile  at  the  eat^’ance 
to  the  apertures; 

(b)  The  physical  dimensions  of  the  amplifier; 

(c)  The  ratio  of  dynamic  pressure  to  total  pressure  for 
control  (a^)  and  power  (Oj )  streams;  and 

(d)  The  turning  angle  of  the  control  stream  4  • 

Experimental  (fig.  k)  and  theoretical  analyses  (ref.  2)  of  2-D 

submerged  jets  show  that  the  pressure  profile  is  approximately  Gaussian  Ir. 
the  legion  of  established  flow.  This  may  be  expressed  mathematically  as 

f  («)« 

At  power-stream  pressures  of  ^  pslg,  and  an  aspect  ratio  of  6:1,  these  data 
gave  a  peak  pressure  p  of  pslg  and  a  standard  deviation  0  of  approxlaately 
2.UC  deg  at  11  nozzle  widths  downstream.  Since  the  value  of  0  depends  to 
sone  extent  on  aspect  ratio,  the  dependence  of  pressure  and  flow  gains  on 
o  is  also  considered. 

The  ratios  and  were  detenined  experloentally  as  >  0.84 
cmd  O.Mf  at  the  operating  pressures  of  the  amplifier.  These  operating 
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pressures  were  chosen  below  5  psig  so  that  the  assumption  of  Incompressibility 
would  be  valid. 


The  turning  angle  has  been  taken  as  8  deg,  since  the  power  stream 
spreads  at  approximately  this  angle  in  the  interaction  region.  The  direction 
of  flow  of  the  control  stieara  as  it  leaves  the  interaction  region  therefore 
differs  from  the  axis  of  the  power  stream  by  this  angle. 

When  these  a  values  are  employed  in  equations  (ll),  (sil),  and  (2a), 
the  theoretical  flow,  pressure,  and  power  gains  are  determined.  Fig.  6,  7, 
and  8  show  the  theoretical  gains  plotted  against  deflection  angle  for  a 
Gaussian  profile. 

5.2  Optimi  ZcL  tion  of  Gain 

Consideration  will  now  be  given  to  the  effect  of  varying  certain 
physical  dimensions  of  the  amplifier  to  optimize  the  gain  using  measured 
pressure  profiles. 

It  should  be  noted  that  the  pressure  gain  given  by  equation  (2l)  is 
not  directly  proportional  to  the  ratio  of  control  area  and  power  area 
alone,  since  the  a'o  are  also  functions  of  the  areas.  This  applies  also  to 
the  ratio  of  flow  rates  In  the  flow  gain  t-xpiebalon  (eq.  ll).  Since 

the  functional  relation  between  the  areas  (or  flow  rates)  and  the  a's  is  not 
analyzed  here,  the  effects  of  varying  the  area  ratio  or  flow  rate  control  to 
power  ratio  is  not  considered. 

5.2.1  Constant-Width  Apertures— Varying  Distance  Downatream 

As  the  downstream  distance  of  constant-width  apertures  is 
increased,  each  aperture  accepts  a  smaller  percentage  of  the  total  stieam. 
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Figure  6.  Theoretlcel  flow  gain  versus  strean  deflection 
with  streae  width  as  a  paraaeter. 
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Figure  7.  Theoretical  pressure  gain  versus  stream  deflection 
with  stream  width  as  a  parameter. 
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DEFLECTION, 

Figure  8.  Theoretical  power  gain  versus  stream  deflection  with 
stream  width  as  a  parameter. 


'nie  pen-k  pressure  is  also  deertaaing  with  inereaslrig  dowastreom  diotance. 
Using  expeilmental  profile  data  taken  at  IXiFL,  these  quantities  may  be 
related  to  downstream  distance.  Klg.  y  Is  a  plot  of  theoretical  px-esbux-e, 
flow,  and  power  gains  versns  downstream  distance  for  the  case  of  a  constant 
width  aperture  equal  to  1.5  power  nozzle  widths  and  a  stream  deflection 
6^  =  0.  Tlio  theoretical  gains  maxlm.ize  at  11  nozzle  widths  downstream. 

5.2.2  Constxxnt-Deviatlon  .ipertures  -  Varying  Distance  Jlownstream 
If  the  ftp,ertijrr»R  are  constrained  to  subtend  a  fixed  angle, 

the  aperture  width  must  increase  with  increasing  dov-cistream  distance.  Pig. 

10  shows  the  relation  between  theoretical  pressure,  flow,  and  power  gains, 
and  downstream  distance  for  a  fixed  aperture  angle  of  2.50  o  at  a  stream 
deflection  of  -  0.  The  pressure  gain  decreases  monotonlcalAy  la  the 
region  of  establisiied  flow,  whereas  the  flow  gain  increases  monotonlccUy . 

Tlie  power  gain,  however,  exhibits  a  mxlmum  at  about  11  nozzle  widths  down¬ 
stream. 

5.2.3  Varying  Width  Apertures-Flxed  Downstream  hiatance 

Varyliig  the  width  of  apertures  at  a  fixed  downstream  position 
varies  their  position  with  respect  to  the  pressure  profile.  Kg.  11. is  a 
plot  of  theoretical  px'essure,  flow,  and  power  gsdns  versus  the  equivalent 
o  width  at  11  nozzle  widths  downstream  and  d  >  0.  Die  flow  gain  lncre8.seB 

B 

monotonlcally  until  the  apertures  Increase  to  the  width  of  the  power  stream; 
thereafter,  Increasing  the  aperture  width  does  not  change  the  gain.  The 
pressure  g&in  Ic  a  maximum  at  an  aperture  width  of  1.7  a,  and  the  power  gidn 
Is  a  maxlauD  at  approxloately  2.5  o. 
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Figure  11.  Theoretical  gain  verbus  aperture  width  fixed  distance 

drwpstream  (O  =  0). 


Figure  12,.  Proportional  amplifier 


6.  I'EST  SETUP  Arro  PROCEDURE 


To  check  the  theoretical  analyslc,  tents  were  performed  on  the  amplifier 
showr*  in  fig.  12.  Tiiia  amplifier  has  the  foJJnwing  dimensional  featui'es: 

(a)  The  nozzle  widths  of  power  and  control  streams  are 
approximately  equal. 

(b)  The  entrance  width  b  of  “ach  output  aperture  Is  I.5  power 
nozzle  widths. 

(c)  The  entrance  of  the  apertures  is  fixed  at  11  i)Owcr  nozzle 
widths  from  the  exit  of  the  power  nozzle. 

(d)  The  ratio  of  nozzle  height  to  power  nozzle  width  (aspect 
ratio)  is  8. 

A  functional  diagram  (fig.  I3)  shows  tiie  test  arrangement  used  with  this 
amplifier.  The  test  setup  consists  of  a  regulated  air  supply  to  each  nozzle 
and  the  meajis  of  acaouring  input  and  output  conditions.  The  flow  rate  into 
the  nozzles  and  out  of  the  apertures  is  measured  with  I'Otameters  that  have  a 
full-scale  accuracy  within  2  per  cent.  The  pressure  in  tte  control-input 
tanks  is  measured  with  manometers. 

1>arlng  a  t<?st,  the  power  stream  settling  tank  wets  maintained  at  a 
constant  pressure  of  3  or  5  psig.  One  of  the  control  tanks  was  also  kept  at 
a  constant  pressure,  which  is  0  to  20  per  cent  of  the  power-stream  pressure. 
Small  changes  were  then  made  in  the  otter  control  pressure.  Tte  flowmeters 
at  the  input  and  output  were  read  at  each  control-pressure  point. 

It  may  be  seen  in  fig.  12  that  ttere  are  through-holes  on  each  side  of 
the  power  stream  in  the  region  between  the  control  Jets  and  apertures.  This 
effectlv»‘lj'  short  circuits  any  pressure  difference  across  the  stream,  thereby 
insuring  stream  stability. 
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Figure  13.  Functional  diagram  of  test  set-up. 


Figure  14.  Comparison  of  CKperimental  and  theoretical 
(low  differences. 
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7-  CCKFARIGON  OF  THEORETICAI.  AMD  EXPKRIMEffTAL  RESULTS 


In  comparing  the  theoretical  ami  experlmciital  result^  It  Ic 
advantageous  to  plot  output  difference  versus  Input  difference  rather 
than  gain  versus  deflection  angle,  since  claculation  of  exi^erlmental.  gain 
reaulrcr  d^viuio:;  by  small  differences,  which  reduces  the  accuracy  of  the 
results.  Equations  (2)  and  (12)  show  that  tte  slope  of  the  curVe  that  has 
the  output  difference  as  ordinate  and  input  difference  as  abscissa  will  be 
the  gain  of  the  amplifier. 

7.1  Flcrw  Difference 

If  the  conditions  given  in  section  5-1  ar?  assuon.-d  again,  a 

-  Qp  and  control- 

flow  difference  ^  *  Qj  can  be  calculated  from  equations  (8),  (9),  and  (lO). 
The  theoretical  and  experimental  flow  difference  results  are  shown  in  fig. 

14  and  I5. 

The  theoretical  and  experimental  results  are  in  close  agreeraent 
until  the  control  flow  difference  reaches  10  pe-  cent  of  the  power  strea.m 
flow.  .As  the  control  flow  increases  above  this  value,  the  experimental 
results  become  higher  than  predicted  by  the  theory. 

7.2  Pressure  Difference 

The  theoretical  relation  between  aperture  pressure  difference 

P  -  Pd  an^  control  pressu.re  difference  p.  -  p^  can  be  calculated  from 
L  2d 

equations  (I8)  and  (20)  by  using  the  conditions  given  in  section  5* -•  This 
relation  is  shown  in  figs.  16  and  I7  for  both  theoretical  and  experimental 
results.  In  the  experimental  results,  the  dynamic  pressure  at  the  entrance 
to  the  apertures  is  computed  from  the  output  flowmeter  readings  by  relating 
dynamic  pressure  to  average  velocity  and  using  the  equation  of  continuity. 


theoretical  relation  between  aperture-flow  difference  Qj^ 
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Figure  17.  Comparison  of  experimental  nnd  tlieoretiral 
pressure  differences. 
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The  experiiieattii  and  theoretical  curves  have  essentially  the  same 
nliape.  For  small  control  pressure  differences  the  agreement  is  good.  As 
the  control  pressure  difference  Increases  the  experimental  aperture  pressure 
difference  becomes  larger  thiin  predicted  by  the  theory.  The  maximum  value, 
or  point  of  zero  gain,  occurs  when  the  control  pressure  difference  is 
approximately  10  per  cent  of  the  power  stream  pressure. 

8.  DISCUSSION 

To  obtain  the  theoretical  output  differences  a  Gaussian  pressure  profile 

was  assumed.  This  profile  was  selected  from  those  found  experimentally  by 

specifying  the  same  standard  deviation  and  maximum  value.  Inci«a*lng  tlie 

standard  deviation  of  the  theoretical  profile  as  much  as  20  per  cent  caused 

only  a  negligible  chance  tn  the  mitput  difference  functions,  -  P_  and 

li  n 

and  because  all  apertures  were  almost  equally  affected.  Thle  was  also 
conflnned  experlm-ntally.  The  experimental  profile  was  broadened  by  Increasing 
the  percentage  of  control  pressure;  tests  made  at  10  per  cent,  20  per  cent,  and 
^0  per  cent  control  pressure  yielded  close  results.  If  the  maxlmuc  \’alue  of 
the  Gaussian  is  changed,  the  output  difference  fimctions  are  also  changed. 
According  to  the  theory,  the  aperture  difference  pressure  is  directly 
proportional  to  the  maximum  pressure.  The  experiments  made  with  power  stream 
pressures  of  3  pslg  eind  ^  pslg  tended  to  confirm  this.  At  a  i>ower  stream 
pressuTv  of  5  the  maximum  aperture  pressuie  diffei«nce  was  2.78  pslg. 

At  3  pslg,  the  aperture  pressure  difference  was  1.75  Pslg*  The  ratio  of 
these  is  O.63  compared  with  the  prediction  of  O.6O  from  the  theory.  In 
addition,  experimental  profile  data  of  undeflected  streams  obtained  at  DOFL 
were  substituted  in  the  theoretical  equations.  The  result  was  within  5 
percent  of  the  result  obtained  with  the  Gaussian  profile.  It  must  be  concluded 
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then,  that  the  use  of  Gausolan  profiles  in  place  of  actual  undeflected 
profiles  lends  to  relatively  siiu.01  errors  in  the  theoretical  results. 

To  obtain  the  theoretical  input  differences,  the  monientum  equation 
was  applied  to  the  interaction  region  (App.  A).  An  approximate  relation 
};as  been  employed  to  give  the  input -pres sure  difference  p^  -  p^  in 
equation  (20)  and  the  input-flow  difference  ^  -  Qj  from  equation  (9).  At 
present  there  are  no  experimental  data  available  to  check  the  accuracy  of 
this  relation. 

As  the  control  diffe’^cnces  increase,  the  experimental  output  differences 
become  greater  than  the  theory  predicts.  The  theoretical  output  differences 
were  based  on  the  assumption  of  a  Guassien  proriie.  At  piesent,  profiles  of 
highly  deflected  streams  have  not  been  taken  but  they  ore  not  expected  to 
remain  Guasslan;  therefore,  the  use  of  a  profile  that  remains  Gaussian 
restricts  the  theoretical  results  to  conditions  where  the  stream  deflections 
are  small. 

The  expeidmental  difference  functions  are  greater  than  the  theory  predicts. 
In  the  present  tests  the  total  output  flow  was  greater  than  the  profile 
indicated,  even  when  the  stream  was  not  deflected.  This  occurs  because  a 
fluid  whose  velocity  is  nonuniform  at  the  input  to  an  aperture  contlruee  to 
entrain  fluid  after  the  fluid  has  entered  the  collectors.  In  this  analysis, 

«11  calculations  were  made  under  the  assumption  that  the  velocity  profile  at 
the  Input  to  an  aperture  is  unaffected  by  the  presence  of  the  aperture. 

9.  COHCLUSIOWS 

A  theory  has  been  presented  that  predicts  small  signal  pressure,  flow,  and 
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pover  gain  of  a  single  ampiifiur  stage.  The  theory  indleates  that  a  power 
gain  of  about  100  Is  easily  achievable  with  pressure  and  flow  gjilna  of  about 
10. 

All  gains  are  at  maxim  al  when  the  power  stream  is  evenly  divided  by  the 
two  output  apertures.  The  gains  decrease  with  deflection  angle  and  become 
zei  wiien  the  stream  is  approximately  centered  in  one  of  the  apertures. 

The  power  gain  maximizes  at  about  11  power-jet  nozzle  widths  downstream 
with  aperture  widths  1.5  times  the  power- Jet  nozzle  width- 

Oomparison  of  those  aspects  of  the  theory,  which  coitld  be  checked  on  a 
single  laboratory  model  showed  good  agreement  within  the  experimental  error. 

On  this  model  the  pressure  gain  wai,  calculated  to  be  9«1  and  measured  8.4; 
the  flow  gain  was  calculated  to  be  10  5  and  measured 
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AI’TONDIX  A 


TKEOFSTICAL  ANALYSIS  OF  INTERACTING  STREAMJ  -MTHEMATICAL  DERIVATIONS 

Tu  iuimalate  the  expression  for  gain  in  equations  (6/  and  (l6),  it  is 
necessary  to  have  a  relationship  between  input  diffeionce  and  the  stream 
ieflectioa  •  Thl  s  relation  cun  be  obtained  by  the  application  of  the 
momentum  equation  to  the  control  ana  ^ower  streams. 

In  the  ie.'ivatlon  it  is  assumed  that  the  fluid  is  incompressible,  the 
flow  is  steady,  there  is  no  ener-gy  loss,  and  the  change  in  momentum  is  due 
only  to  the  change  in  direction  of  the  interacting  streams.  Experiments 
have  shown  that  the  axes  of  the  power  stream  and  control  streams  are  not 
parallel  after  interacting  because  of  the  characteristic  spreading  of  a  Jet 
stream.  This  fact  is  considered  in  the  derivation. 

From  the  above  assumptions  and  neglecting  body  fbrees,  the  momentum 
equation 


(A-1) 


may  be  written  as  Hewton's  second  law 


IF.  ^5  f5i 


(A-2) 


where  Is  the  momentum  vector  and  is  the  force  vector. 
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Froc  the  free  body  dlagrans  shown  In  fig.  A-1,  the  following 
eomponent  equations  are  obtained  (where  the  subscript  w  denotes  the  wall): 
Left-Control  Stream 

+•  (A-3) 

lP,r 

A^cos(4»-y)«  ^A^a(ws((>-y)-^A^a>‘  (A-4) 


% 


Right-Control  Sti^am 

I;,-  SIW(*«)+  CM^ 

IF,» 

Power  Stream 

IPe-' 


y 


•ii  I 


2c  “ 


(A-5) 


(A-6) 


(A-7) 


(A-8) 
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Wall 


P  »  «  A 

yw5  *^53  3 


yu»l 


a  A 


(A-9) 


Now  if  eq.  (A-7)  is  divided  by  ea.  (A-8) 


f3.^  ■  ^n“ 


(A-IO) 


Substituting  equations  (/-3)>  (A-i*),  (A-5),  (A-6),  and  (A-9)  into 
^  (A-10)  the  result  is 


(A-ll) 


In  general,  the  control  streams  are  perpendicular  to  the  power  stream 
(^=  y)  GO  that  cq.  (A-ll)  becomes 


-A.t 

liA  ■»  lljA, 

(A-12) 
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For  power- St  ream  deflection  angles  y  small  compared  with  the  stream 


deflecticn  is  apprnxiuatcly 


\  {PliV  f,A-  W(f,;+ A,(f„+  4) 


(A-13) 


In  the  de£ioralnator  of  eq.  (A-I5),  the  bracketed  term  is  at  least  on  order 
of  magnitude  smaller  than  the  first  tenn.  Neglecting  this  term  leads  to  the 
further  approximation 


tflwyvV  s 


(A-IU) 


Using  Bernoulli's  equation 


T. 

eq.  (A-I^*)  becomes 


A,(t+ 


(A-15) 


(A-16) 
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If  eg.  (A-16)  takes  the  fom  given  jn  eq.  (19)  vdth  *  P,,  - 

that  is. 

i.,»  X  ’ - : - -  <A-iT) 

K  (1+1, )f. 

where,  by  definition. 


iS.T. 


\Tj 


For  the  flow-g€d.n  expression,  It  is  convenient  to  express  eq.  (A-I7)  in 
terms  of  control  flow  rather  than  control  pressure. 

Expressing  and  p^  in  terms  of  a^,  still  assuming  that 

A  ..  A  ««4  «<i^^ 


(a-16) 


E!}'  definition  ^  ^  so  that 


(A-19) 
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Substituting  eq.  (A-I9)  for  in  eq.  (A-I?)  gives 


ij.«iA,A,(l+«,)f, 


wiilch  is  equivalent  to  eq.  (9)* 


TIinRUI£I<CE  AI4PLIfIER  DESTiGL'  AIID  AFPLICA1T0U 


by 

Raymond  N.  Anger 


Fluid  Logic  Control  Systems 
New  York  2f,  New  York 


puc'jjnn't’^ c  01*  nO“mO*»*in^— 


parts  fluid  amplifier  with  many  unique  properties  which  suit  it  for  use 
in  logic  circuits  and  as  a  primary  sensor  of  low  velocity  fluid  streams 
and  low  energy  acoustic  waves.  The  turbulence  amplifier  produces 
signal,  amplification  by  the  disturbance  of  a  laminar  flow  in  a 
submerged  Jet.  Figure  1  illustrates  the  basic  configiu:ation  of  the 
device. 


If  a  fluid  stream  is  sent  tiirough  a  smooth -walled  pipe  of  small 
lUametcr  at  a  sufficiently  low  velocity,  the  pipe's  walls  will  Induce 
laminar  flow.  If  this  flow  is  sufficiently  laminar,  it  can  then  be 
projected  a  distance  of  over  100  times  the  diameter  of  the  pipe  and 
remain  In  a  laminar  state  until  it  beco-mes  turbulent.  The  distance 
over  which  the  stream  can  be  projected  in  a  laminar  state  decreases  as 
the  velocity  of  the  stream  is  increased.  If  an  orifice  is  placed  in 
a  loml.nar  streem,  as  in  the  tube  "O"  in  Figure  1,  it  will  obtain  a 
static  pressure  which  is  t.he  result  of  the  average  velocity  of  the 
portion  of  the  stream  received.  If  the  velocity  of  this  stream  Is 
Increased  sn  +.bst  turMilence  occurs  between  the  supply  tube  and  the 
output  orifice,  as  seen  in  the  lower  half  of  Figure  1,  the  pressure  in 
the  output  drops  because  a  smaller  proportion  of  the  fluid  In  the 
supply  stream  enters  the  output  Lube.  Vdien  the  supply  stream's 
velocity  is  increased  to  a  degree  that  the  point  of  turbulence  of  the 
stream  is  at  the  exit  of  the  supply  tube,  the  output  pressure  of  the 
device  slowly  increases  because  the  fraction  of  the  supply  fluid 
reaching  the  output  tube  re.iialns  constant  while  the  velocity  of  the 
supply  fluid  continues  to  rise.  Output  pressui-e  as  a  function  of 
input  pressure  for  this  arrangement  is.  shown  at  the  top  of  Flgxire  1. 
Tlie  peak  of  this  curve  marked  "m"  represents  the  supply  velocity  at 
which  the  cone  of  turbulence  appears  immediately  before  the  output 
tube.  If  the  distance  between  the  supply  and  output  tubes  has  been 
properly  selected,  small  disturbances  of  the  supply  stream  near  its 
point  of  exit  from  the  supply  tube  will  be  amplified  by  phenomena 
within  the  laminar  strea-ni,  causliig  it  to  become  turbulent  at  a  point 
nearer  the  simply  exit,  and  producing  large  pressure  variations  in  the 
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output  tube.  Power  gains  of  100  and  higher  are  possible  by  this 
ari’angeacnt .  The  disturbances  introduced  into  the  laminar  stream  may 
be  the  result  of  acoustic  waves  or  other  fluid  streams  directed  into 
the  Ifuulnar  stream.  The  greater  the  distance  between  the  supply  and 
output  tube,  the  greater  the  sensitivity  of  the  device,  but  as  the 
maximum  velocity  of  a  laminar  stream  decraases  with  distance,  the 
selection  of  the  distance  between  supply  and  '".utput  for  a  practical 
de\lce  must  represent  a  balance  of  sensitivity  and  useful  output, 

The  arrangement  of  Figui*e  1  provides  a  means  of  using  the  well- 
kno'wn.  sound-sensitivity  of  le.mlnar  Jets  for  the  actuation  of  pneumatic 
amplifiers  or  pressure  switches.  Fo:'*tunately,  sound  senslt J ’.l.ty 
becomes  significant  at  distances  between  supply  and  output  which  are 
much  greater  than  required  for  the  design  of  practical  enpllfiers  of 
fluid  streams.  Using  a  0.030  inch  diameter  supply  Jet,  pneumatic 
turbulence  amplifiers  are  practical  fluid  stream  cynplifiers  when  the 
supply-output  distance  ranges  between  0.7  to  1  inch,  vrtille  significant 
sound  .^cnslLlviLy  begins  nt  about  1.3  inches.  High  frequency  sensitivity 
is  high  at  1.7  Inches,  with  relative  insensitivity  to  low  frequency 
sounds  (below  10,000  cps),  while  at  a  distance  of  from  1.8  and  greater 
so'ond  sensitl’/ity  rivals  that  of  hlgh-galn  electronic  devices  in  the  high 
and  mid-frequency  range.  At  a  supply-output  distance  of  1.9  inches,  an 
output  pressure  of  approximately  0.9  Inches  of  water  colui'n  is  obt£,lnable 
^lle  the  stream  is  lamir.ai,  and  an  output  pressure  of  less  than  0.2 
inches  results  when  the  stream  is  upset  by  the  sound  of  a  high-frequency 
dog  whistle  blown  by  a  human  being  with  fair  lung  power  at  a  distance  of 
30  feet.  With  the  output  of  the  amplifier  directed  into  the  input  of  a 
aon-mlcrophonlc  fluid  stream  amplifier,  pressure  outputs  suffielent  to 
drive  pressure  switches  rv^spondlng  to  1  inch  of  water  colimin  can  be 
obtained  from  distances  of  300  feet  by  means  of  a  man-operated  whistle. 

When  the  distance  between  supply  and  output  is  reduced  below  the 
range  of  significant  sound  sensitivity,  turbulence  amplifiers  can  be 
used  to  sense  fluid  flows  directed  approximately  at  right  angles  to  the 
laminar  Jet.  Sensitivity  to  such  flows  is  very  great,  and  enables 
practical  amplifiers  to  be  constructed  with  power  gains  in  the  range  of 
40  to  80.  By  "practiced,  amplifiers"  it  Is  mceuit  that  devices  ca.i  be 
b'ullt  ’.diioh  have  outputs  tha*  can  be  easily  used  to  operate  other 
devices,  such  e.s  othar*  amplifiers  or  pressure  switches.  Air  flows 
producing  a  pitot  tube  static  pressure  of  less  than  0.02  Inches  of  water 
can  be  used  to  operate  turbulence  amplifiers  with  an  output  range  from 
u.l  to  1  Inches  of  water.  If  some  sound -sensitivity  can  be  tolerated 
for  a  given  air-stream  detector  application,  pressure  gains  of  l,Cd0  con 
be  obtained  by  a  single  device.  The  very  high  sensitivity  of  '-•his  device 
enables  it  to  be  used  for  fluid  stream  detection  In  much  the  same  way  as 
photoelectric  devices  are  used  to  sense  light  beams,  their  interruption 
and  reflection.  !ilie  air  streams  produced  by  small  blowers  can  be 
detected  many  feet  from  their  source  In  an  open  atmosphere. 


358 


The  uoe  of  projected  air  nt-'-op^ns  as  input  signals  to  turbulence 
amplifiers  indicates  the  possibility  cf  their  use  in  complex  circuits 
vhere  they  can  be  interconnected  and  used  for  multi-stage  signal 
ampxification  or  as  switching  de'd.ces  in  logic  and  control  circuits. 
Figure  2  illustrates  a  turbulence  amplifier  with  a  control  Jet  used  to 
Introduce  disturbances  in  the  laminar  stream.  For  this  arrangement 
to  be  practical  for  use  in  complex  circuits,  its  output  m\ist  be  capable 
of  direct  coupling  with  the  inpu .  of  on  Identical  device.  This  has 
been  achieved  with  the  realization  of  amplifier  configurations  which 
produce  input-output  functions  such  as  shown  at  the  top  of  Figure  2. 
Because  the  output  of  turbulence  amplifiers  never  drops  completely  to 
zero,  except  for  very  large  signals,  for  one  amplifier  to  be  directly 
coupled  to  a  second  it  Is  essential  that  the  second  amplifier  be 
’unrespcriFive  to  very  small  signals.  As  the  curve  cf  Flgia’e  2  indicates, 
this  is  the  case  for  a  properly  designed  turbulence  amplifier.  The 
range  of  unresponsiveness  is  a  result  of  simple  design  parameters  and 
can  be  made  as  great  as  desired.  The  simplest  design  technique  for 
controlling  the  range  of  unresponstveness  is  to  usd  a  configia’atiuii  which 
projects  a  stream  which  is  so  stable  that  it  is  undistn.ibed  by  the  time 
it  reaches  the  output  during  the  range  of  input  to  be  ignored. 

Air-operated  turbulence  amplifiers  In  an  atmosphere  of  approximately 
sea-level  pressure  can  be  built  in  a  limited  range  of  sizes.  Ihere  is 
only  one  size  supply  Jet  which  produces  maximum  power  gain,  and  this  is 
)  approximately  O.oUO  inch  in  diameter.  Acceptable  gain  for  logic  circuit 

applications  exists  through  a  range  of  supply  diameters  running  from 
approximately  0.010  inch  to  O.O7O  inch.  The  importance  of  proper  supply 
tube  configuration  (diameter  taper,  if  any,  and  straight  length) 

Increases  significantly  with  tube  diameter. 

Supply  Jet  diameters  of  0.030  inch  have  proven  to  be  practleel  from 
the  no1nt  nf  v<ew  nf  power  consumption  end  pressure,  output  volume, 
amplifier  gain,  fabrication  convenience  and  size.  These  units  are  now 
commercially  available  in  limited  quantities.  They  operate  with  a 
supply  pressure  of  approximately  four  Inches  of  water,  produce  an  output 
of  approximately  2  Inches  with  a  ao-load  volume  of  20  cu.  in.  per  minute. 
The  input  or  control  signal  volume  is  about  3  cu.  in.  x>er  minute  with  a 
control  pressure  range  of  approximately  0.3  Inches.  Signal  transmission 
between  amplifiers  and  within  them  is  at  approximately  1  inch  per 
millisecond.  Connecting  an  amplifier  input  to  output  with  a  3  inch 
circuit  path  results  in  oscillations  of  approximately  350  cps.  Some  care 
must  be  exercised  in  constructing  high-speed  circxiits  not  to  overdrive 
amplifiers  because  the  resumption  of  laminar  flow  after  very  strong 
turbulence  will  be  delayed  to  a  variable  degree.  The  degree  to  vrtilch 
this  occurs  is  readily  observable  In  osrlllatorB. 

The  turbulence  amplifier  has  a  number  of  advantages  when  vised  as 
a  switching  element  in  logic  circuits.  It  Is  a  major  convenience  in 
constructing  such  circuits  to  use  an  element  \dilch  is  free  of  Impedance 
matching  problems  and  which  exhibits  the  large  fan-out  ratio  (lilO)  of 
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these  units.  The  complete  Isolaticn  of  tui'hulence  amplifier  inputs  and 
the  fact  that  a  single  amplifier  can  have  an  almost  unlimited  number  of 
inputs  is  a  major  advantage  in  many  practical  circuits.  A  third  major 
advantage  of  turbulence  amplifiers  is  the  fact  that  each  amplifier 
performs  the  logical  NOR  function,  which  can  be  used  as  the  basis  for  all 
of  the  other  logic  functions,  such  as  AND,  OP.,  MEMOF.Y  (flip-flop),  and 
coimtlng  circuits.  Figure  3  lllxistratci:  the  circuit  for  the  flip-flop 
and  the  AND.  Ihe  flip-flop  circuit  is  one  of  the  few  which  requires 
some  consideration  of  output  load.  For  a  flip-flop  to  be  symmetrical 
its  outputs  must  be  connected  to  approximately  equal  loads:  either 
dead-ends,  such  as  manometers,  or  groups  of  amplifiers. 

The  power  supplies  for  fluid  logic  systems  are  generally  regarded 
as  one  of  the  problems  in  their  application.  The  fact  that  turbulence 
amplifiers  operate  with  both  very  low  pressures  and  volumes  is  an  asset 
from  the  power  supply  point  of  view.  Small  systems  using  from  one  to 
20  amplifiers  may  be  powered  by  inexpensive  vibratory  diaphragm  type 
pumps,  iiurger  systems  can  use  centrifugal  oiowers  or  vane  type  pumps. 
Totally  closed  systems  can  be  used  to  limit  contardnation.  The  low 
pressure  drops  in  turbulence  amplifiers  minimizes  the  possibility  of 
moisture  condensation.  Complex  logic  circuits  have  been  operated  over 
temperaLui’e  x'angea  fi’om  20  to  130  degrees  farenhelt,  with  relative 
humidity  up  to  99^. 

Turbulence  amplifiers  can  be  fabricated  by  a  wide  variety  of 
techniques,  ranging  from  soldering  together  short  lengths  of  brass  tubing 
to  molding  complete  amplifiers  and  interconnections  in  plastic.  At  the 
present  lime  they  are  being  made  by  casting  brass  tubes  in  plastic. 

Ihe  tubes  provide  both  precise  passages  for  air  flows  and  convenient 
terminals  for  attaching  plastic  tubing.  Tliese  amplifiers  are  being  used 
in  consoles,  such  as  in  Figure  4,  which  provide  a  built-in  power  supply, 
manometer-type  indicators,  back-pressure  push-buttons,  in  addition  to 
24  two-input  amplifiers  with  a  rated  output  of  1.5"  w.  The  purpose  of 
these  consoles  is  to  provide  a  convenient  means  for  the  study  of 
turbulence  anq)llfler  operation  and  circuit  design.  In  the  future, 
individual  sets  of  amplifiers  will  be  available  either  for  mounting  as 
a  ganged  assembly  for  plastic-tubing  interconnection,  or  as  plug-in  units 
for  assembly  into  circuits  cast,  milled  or  photoctched  into  sheets  of 
plastic  or  glsiss. 

Figure  5  illustrates  a  variety  of  components  which  can  be  integrated 
into  turbulence  amplifier  couti-ol  systems.  Ihs  microphone,  shown  Ft  the 
tnp  of  the  group  of  Inputs,  comblues  the  properties  of  a  very  sensitive 
sound  detector  and  a  high-pass  filter.  It  provides  a  pneumatic  output 
sufficient  to  directly  operate  pressure  switches  or  other  turbulence 
amplifiers  from  very  weak  acoustic  signals  above  10  kc.  A  very 
lne3q)ensive  and  simple  device  to  build,  it  may  be  used  for  the  remote 
control  of  toys,  geurage  door  openers,  or  industrial  alarm  systems,  with 
the  remote  control  "transmitter"  being  simply  a  high-frequency  whistle. 
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The  al r-r.tren’ii  senior  cnn  be  used  In  two  ways:  the  jet  of  laminar 
air  thrown  between  its  supply  jet  and  curved  output  "collector"  con  be 
mechanically  Interrupted  or  made  turbulent  by  means  of  very  low  velocity 

CPOSS 

'Ibe  whlfiker-valve  la  a  new  sub-mlnlature  valve  operated  by  means 
of  deflection  of  a  wire  feeler  by  means  of  very  light  mechanical  forces. 
The  characteristics  of  this  valve  suit  it  for  producing  Inputs  to  fluid 
logl''  systems. 

Small  diaphragms  can  provide  enough  air  flow  when  depressed  l/l6 
Inch  to  trigger  flip-flops.  Thus,  they  can  be  used  as  push-buttons  or 
limit  switches  for  totally  enclosed  systems. 

Sensing  holes  in  perforated  tape  by  air  flows  Is  a  familiar 
technique.  The  availability  of  logic  elements  to  work  with  tape  reader 
signals,  either  for  code  conversion  or  other  roles,  eliminates  the  need 
for  Immediate  imemai  1  or>+*•^ r*  '’''""“rsicn. 

Analog-to-dlgltal  code  disks  with  the  same  resolution  as  their 
electromechanical  co'unterparts  and  with  inherently  greater  accuracy  due 
to  the  absence  of  brushes  or  lights  sources  and  photoelements  can  be 
offered  at  n  fraction  of  the  cost  of  their  electrical  counteirarts . 

Just  as  no-moving-parts  push-buttons  can  be  made  by  venting  a  small 
amount  of  air  to  atmosphere  and  then  sensing  the  Increase  in  line  pressure 
by  blocking  the  line  with  light  finger  pressure,  electric-to-pneumatic 
conversion  can  be  accomplished  using  conventional  relays  with  one  or  more 
contacts  modified  to  act  as  armature-clcsod  orifices.  Many  relays  can 
be  modified  and  continue  to  carry  electric  contacts  at  the  same  time. 

Thanks  to  the  case  with  which  tux'buleuce  amplifiers  are  constructed 
and  intor-corinected,  their  use  in  practical  applications  is  an  Immediate 
possibility. 
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FIG.l 


Figui-f!  U.  A  a-spl  1 1't o r  console  used  to  study  turtulence  a-oplifier 

clrc  l'-s.  It  oonlrdns  n  vans  type  puc;p,  eight  T.anometers  which  c-an  be 
conr.octed  to  the  output  of  any  amplifier,  plus  one  manometer  to  indicate 
supply  pressure j  and  eight  back-pressui'e  type  push-buttons.  T'rfo  of  the 
2h  amplifiers  have  four  inputs,  the  others  liave  two  inputs. 
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Abstract 

The  manner  In  which  wave  notion,  energy  dissipation,  and  gross  Jet  turbu¬ 
lence  produce  inherent  limitations  in  fluid- jet  sndulators  is  qualitatively 
d{ sriiaseH ,  Tnn<o«  inclyde  surge  icipedsnce  sstchlng  at  input  and  load  ports, 
the  possibility  ot  nearly  infinite  pressure  and  power  gains  of  "momentua- 
controlled"  and  "pressure-controlled"  Jet  amplifiers,  and  the  effect  of 
nozzle  design  on  Jet  noise  with  implications  on  the  signal-to-nolsz  ratio 
and  other  operating  conditions. 

Introduction 

Fluids  used  in  fluid-jet  modulators  have  three  significant  properties: 
mass,  viscosity,  and  compressibility.  Aside  from  the  basic  energy  flux 
associated  with  the  Jets,  significant  oMnifestations  of  these  properties 
Include  wave  motion,  energy  dissipation,  and  gross  turbulence.  These 
pheriumens  ere  psrtlelly  beneficial,  end  yet  also  Introduce  inherent  limita¬ 
tions  to  Che  operation  of  the  devices.  The  purpose  of  this  paper  ia  Co  outline 
this  concept,  with  emphaslc  on  the  gross  turbulence  in  Jet  flows. 

Wave  Motion 

Wave  motion  in  fluid- Jet  modulatora  is  the  factor  most  frequently  causing 
unsatisfactory  operation.  Its  mechanism  la  usually  not  well  under aCuod,  but  the 
■erlouaness  of  the  dynamic  inatabiliciea  which  result  certainly  ara.  Most  effects 
can  be  analyzed  in  terms  of  the  Interaction  of  the  device  with  its  inputs  (source 
impedance  matching)  or  with  ite  outputs  (load  impedance  matching). 

Perfect  dynamic  or  aurge  matching  exists  when  a  wave,  travelliug  down  a 


control  passatje  or  up  a  lead  passae^e,  is  cotupletcly  absorbed  at  Lnc  port,  with 
no  reflection.  This  condition  has  been  realized  at  the  input  oi  control  ports 
of  (.eitJin  pr“S3ure-co.. trolled  proportional  cmplifiers  (1,2),  and  conceptually 
can  be  nearl;,  realized  at  the  input  of  z;oBicntun-controlled  proportional  ainpli* 
fleis  (2).  The  problem  is  uiore  difficult  in  bistable  relays,  as  the  control 
port  must  have  identical  pressures  and  tlows,  in  the  absence  of  a  control 
signal,  for  both  states  of  the  device.  Though  conceptually  possible  (2), 
this  has  not  been  realized.  To  the  author's  knowledge  no  one  has  succeeded 
in,  or  even  expressly  directed  his  intention  toward,  r3a’'chlng  the  output  surge 
Impedance  ot  the  jet  witli  the  load  receiver  ports.  An  effort  in  this  direction 
is  starting  at  M.I.T 

Dynamic  stability  in  the  face  of  a  poorly  matched  input  surge  impedance 

■if  rr%t»  v.t<««rA  r-j  «-v  T  f 

__  - -  a  -s  ^ 

control  lines  is  long  compared  vTth  the  response  time  of  the  device  itielf, 
although  It  is  possible  (3).  .Specifications  of  the  load,  however,  often 
preclude  stability  in  the  face  of  severe  impedance  mis-matching.  For  example, 
if  the  load  Involves  somewhat  lu:.^  Il.ies  leading  to  an  easentlally  blocked  load, 
waves  generated  at  the  Jet  receivei -port  travel  to  the  load  and  back  with  only 
sligitt  attenuation,  to  be  reflected  at  the  mis-matched  load  by  a  larger  wave 
than  initially,  which  in  turn  travels  down  the  line  and  back  with  increasing 
amplitude  at  each  cycle.  The  result:  severe  oscillations .  This  wave  phenomenon 
Implies  apparently  inherent  limitations  on  possible  designs,  although  much  effort 
needs  to  be  expended  to  properly  determine  the  true  extent  of  the  problem  and 
pus.,ible  compensation.s. 

Energy  Oissipation 

Viscous  dissipation  of  energy  in  fluid-jet  modulators  is,  in  fact,  essential 
to  their  operation.  It  enables  partial-admission  Jet  diffusers  to  work,  causes 
the  Flow  entraiiuncnt  which  produces  bistability  in  pressure-controlled  relays, 
and  provides  damping  necessary  for  the  stability  of  flow  in  jets  and  lines  v-) 
in  the  face  of  wave  motion.  At  the  eaine  time  it  causes  inherent  limitations  in 
Che  pressure  and  power  recovery  or  efficiency  of  the  devices.  The  lower  bound 
of  these  llmitatlrns  in  general  has  not  been  established. 

Energy  dissipation  alone  imposes  no  limitation  on  Che  pressure  and  flow 
gains  which  can  be  achieved  in  continuous  and  biatable  relays,  however.  To 
consider  this  significant  statement  two  types  of  amplifiers,  "mosMntum-cont rolled" 
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and  "pressure-controlled,"  are  discussed. 


"M';nietituiii-Controlled"  Amplifiers 

The  control  force  on  the  Jet  of  a  "moQsntun-controlled"  amplifier,  Fig.  1, 
results  primarily  from  the  noaentua-Iluv  of  the  control  Jets.  The  gain  of  such 
an  amplifier  can  be  increased  by  feeding  back  some  of  the  received  flow  on  the 
left  to  the  input  on  the  right,  and  vice-versa  (positive  feedback).  The  feed¬ 
back  can  be  increased  until  the  gain  becomes  infinite,  barring  wave  motions 
which  might  well  cause  violent  oscillations.  A  further  increase  In  the  feed¬ 
back  produces  bistable  operation  with  an  Increasing  width  of  the  hysteresis 
loop. 


"Pressure-Controlled"  Amplifiers 

The  control  force  an  the  jet  of  "pressure-controlled"  amplifiers.  Fig.  I, 
results  primarily  from  the  pressure  gradient  across  s  relatively  long  extent 


of  the  Jet.  Techniques  for  developing  continuous  and  biatable  anplifl^ra  of 
this  type  have  been  described  (2,5).  That  infinite  gain  can  be  achieved  was 
demonstrated  by  the  amplifier  shown  in  Piga.  2  and  3.  This  amplifier,  dis- 
cuMsed  in  detail  elsewhere  (2),  has  two  st«gei>,  the  first  of  which  is  always 
continuous  and  the  second  of  which  is  continuous  or  bistable,  depending  on  the 
two  nozzle  supply  pressures. 

The  second-stage  Jet  receiver  ia  described  more  fully  in  Fig.  4.  Its  design 
successfully  eliminated  essentially  all  feedback  effects  of  the  push-pull  piston- 
cylinder  load.  Fig.  5,  on  the  second-stage  Jet.  The  entire  mechanism  acted  as 
a  receiver-decoder-actuator  for  pulse-poslCion-coded  input  pneumatic  pulses. 

The  output  differential  pressure  l.s  plotted  against  the  Input  pressure  in 
Fig.  6.  All  the  data  was  taken  for  a  specific  supply  pressure  for  the  second- 
stage  Jet,  but  the  different  curvea  represent  operation  with  different  first- 
stage  control  pressures.  Note  the  continuous  transition  from  bistable  operation 
cciiough  mecascable  operation  (infinite  gain)  to  continuous  operation.  This 
conforated  to  predictions  based  on  the  characterlatica  of  Individual  coaq>onenta 
of  the  system  determined  separately  by  analyais  ai^  axperiment. 

There  is  of  course  a  fallacy  In  the  concept  of  infinite  gain  in  fluid-jet 
ampllfiera,  which  cakes  the  sane  form  as  in  their  electronic  counterparts:  signal- 
to-noise  ratio.  The  effect  of  Che  inherent  limitation  of  Jet  noise  on  Che  bahavlo 
of  Che  two-stage  amplifier  was  reflected  in  an  effective  randomneas  of  the  input 
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wlLh  a  pressure  niaplttude  of  about  nne-hal£  inch  of  water.  Thus  the  bistable 
mode  with  the  hysteresis  loop  only  one*half  luci  of  water  wide  was  a  totally 
impractical  condition;  the  Jet  oscillated  in  a  slow,  random  (noncyclic)  manner. 
Similarly,  when  the  device  was  continuous  but  with  very  high  gain  the  output 
would  wander  about  randomly  within  a  constrained  band. 

Jec  Noise 

The  most  curious  aspect  of  the  random  oscillations  of  the  Jet  is  the  low 
frequencies  which  are  prevalent.  This  leads  one  to  suspect  various  standing 
waves  travelling,  for  example,  in  the  long  control  line.  The  superposition  of 
standing  waves  travelling  at  different  frequencies,  although  strictly  speaking 
a  cyclic  phenomenon,  could  appear  random. 

An  alternate  explanation  is  simply  Chat  Che  jet  contains  significant  noise 
at  frequencies  as  low  as  the  observed  phenomenon.  The  Jet  might  shed  large 
chunks  of  fluid  at  random  intervals,  and  occasionally  several  of  these  might 
be  shed  in  an  unusually  short  period,  causing  the  ccr.trcl  fcrcc  on  the  jet  Co 
change  markedly.  Waves  generated  by  Che  vortex  shedding  would  play  a  signifi¬ 
cant  role. 

In  Fig.  7  several  frames  of  a  moving  picture  demonstrating  jet  random¬ 
ness  are  shown.  The  model  is  a  water  table  with  water  three  Inches  deep,  with 
dye  injected  into  the  boundary  layer  of  the  three-quarter  inch  wide  converging 
nozzle.  Vortices  were  shed  in  an  Initially  symmetric  pattern,  but  further 
downatreaa  they  interacted  strongly  with  one  another  in  a  randot.  Banner; 
occasionally  a  large  chunk  of  fluid  was  transported  from  one  side  of  the  Jet 
to  the  ocher,  or  flung  away  from  Che  Jet  entirely.  Downstream  receiver  ports 
and  other  obstacles  tended  to  increase  the  size  of  the  vortices,  and  hence 
increase  the  low-frequency  disturbance  forces  on  the  jet. 

Actually  in  this  demonstration  there  were  small  waves  travelling  back  and 
for  Lit  in  the  nozzle  which  generated  tiny  vertices  in  the  slip  planes  on  either 
side  of  the  noczlc.  These  vortices  were  unstable,  and  grew  with  eneigy  •upplled 
by  the  jer  Itself.  Generally  the  vortices  in  a  jet  are  aymnetric  when  the  nozzle 
is  sisort  and  anti-symuietric  when  the  nozzle  is  long  (6).  The  significant  effects 
here  are  the  damping  of  diatrubances  in  a  long  nozzle,  and  the  more  nearly 
parabolic  velocity  distribution  of  th*  Jet  eisanating  from  it. 

Moat  basic  experlaents  on  Jets  have  been  performed  with  large  settling 
chambers  and  very  long  nozzles  with  parallel  walls,  as  only  then  are  the 


376 


Re  about  800 


Re  about  2500 


Re  about  10,  000  Re  about  2500 


Figure  7.  Photographs  of. 
free  jets  and  jets  impinging 
on  blocked  receivers. 


Re  about  2500 


377 


phenoiMua  essentially  Independent  of  upstream  conditions  (7) .  In  these  Instances 
jets  remain  basically  laalnai  for  several  nozzle-widths  downstream,  even  for 
relatively  high  Keynold's  nambers,  say  1000.  Actually  waves  are  growing 
essentially  exponentially  (6)  In  the  boundary  layer,  but  are  not  noticeable 
until  suddenly  the  jet  nearly  explodes  into  violent  turbulence.  Under  such 
c 'editions  small  sound  disturbances  In  the  surrounding  fluid  can  excite  strong 
turbulence  much  earlier  (6,7),  as  was  vividly  demonstrsted  at  this  symposium 
by  Raymond  Auger.  The  level  of  stability  of  a  small  disturbance  in  the  jet 
depends  on  the  local  effective  Reynold's  and  Strouhal  numbers  of  the  jet  and 
dial  riihance . 

Fluid- jet  modulators  typically  Involve  very  short  nozzles  and  small  up¬ 
stream  chamhers,  however.  Increasliie  the  level  of  turbulence  by  an  order  of 
magnitude.  This  grossly  ettects  the  average  entrained  flow  and  Che  pressure 
and  power  recoveries,  ss  well  as  the  slgnal-Co-nolse  level,  and  deserves  con¬ 
siderable  attention  in  basic  and  applied  work  or  these  devices,  linfortunstel y 
most  work  on  turbulent  jets  Involves  only  average  pressure  and  velocity  profiles 
(8,9,10). 

Much  sound  work  remains  before  Che  Inherent  limitations  of  Che  various  classes 
of  fluid- jet  modulators  can  be  expressed  quantitatively.  First  the  basic  phenomena 
must  be  much  better  understood  and  Che  devices  optimized. 


References 


I.  K.  W.  Crussley,  "An  ExperlMntal  Investigation  of  Pneumatic  Jet-Type  Amplifiers 
and  Relays,"  S.M.  Thesis,  Engineering  Projects  Laboratory,  Department  of 
Mechanical  Engineering,  M.I.T.,  September  1961. 

3.  F.  T.  Brown,  "Pneumatic  Pulse  Transmission  with  BlsCable-JeC-Relay  Reception 
and  Amplification,"  sc.D.  lliesls.  Engineering  Projects  Laboratory,  Department 
of  Mechanical  Engineering,  M.I.T.,  May  1962. 

J.  R.  VanKoeverlng,  "Experimental  Load  Characteristics  of  Pluid-Jet  Amplifiers," 
S.M.  Thesis,  Engineering  Projects  Laboratory,  Department  of  Mechanlca'  Englueerlng, 
H.I.T.,  August  1962. 

4.  F.  T.  Brotm,  "The  Transient  Response  of  Fluid  Lines, "to  be  published  In  the 
Journal  of  Basic  Emlneerinm.  ASFC  Transactions.  Vol.  84,  Series  D,  No.  4, 

December  1962. 

5.  F.  T.  Brown,  "A  Combined  Anmlyticmi  and  Experimental  Approach  to  the  Develop¬ 
ment  of  Fluid-Jet  Amplifiers,"  to  be  prasentad  at  the  Symposium  on  Fluid  Jet 
Control  Devices,  ASME  Winter  Annual  Meeting,  November  26,  1962,  and  published 
In  the  Journal  of  basic  Enxlneeri-ng. 


378 


6.  Hiroshi  Sato,  "The  Stability  and  Transition  of  Two-Dimensional  Jet," 
Journal  of  Fluid  Mechanics.  Vol  .  7,  Part  1,  January  1960. 

7.  K.  C.  Chanaud  and  Alan  Powell,  "Experiments  Concernin^t  the  Sound-Sensitive 
Jot,"  The  Journal  of  the  Acoustical  Society  of  America,  Vol.  3A,  No.  7, 
July  1962. 

8.  Hermann  Schllchting,  Boundary  Laver  Theory,  McGraw-Hill  BOw'.. 

4t..  Ed.,  1960. 

9.  S.  1.  Pai,  Fluid  Dynamics  of  Jets.  Van  Nostrand,  195^. 

10.  G.  Bickhoff  and  E.  H.  Zarantonello,  Jet,  Wakes  and  Cavities,  Academic 
Press,  New  York,  1957. 


3:9 


PHOPORHO.'iAL  PUV,EP.  STAGEG  PCE 


IMSDAi-iCE  HATCHING  PUKE  FLUID  DEVICES 


by 


Thomas  J.  Lechner 
Martin  W.  Wambspanss 

of 

Jo’nnson  Service  Company 


1.  Introduction 

This  paoer  Is  concernea  with  proportional  oura  fluid  ampli¬ 
fiers  of  the  three  dimensional  type  shown  in  Pig.  1.  This  type 

1  w  Cii  wiao  j  aaL  oi.  b  C  w'Ai  u  vvu  C)  u  i*t9tii'Ui  •  tl  02*  pOWt^X* 

stream  and  a  signal  or  control  stream.  The  principle  of  operation 
of  such  a  pure  fluid  amplifier  is  a  transfer  of  momentum  at  the 
point  of  intorsccti-'r  -f  the  two  streams.  The  supply  stream  is 
deflected  by  the  control  stream  and  a  proportionate  amount  of 
pressure  la  collected  at  the  output. 

Pure  fluid  amnlifiars  of  the  above  mentioned  type  can  be 
designed  to  have  high  pressure  gains  such  as  shown  in  Plg»  2.  How¬ 
ever,  the  cutout  Impedance  of  such  a  device  is  high  and  the  Input 

-  NOMENCLATURE  - 

Dimensional  Terms 

EtJ?»r=  geometric  parameter  referred  to  Pig,  1 
p  =  pressure,  psig 

q  =  volumetric  flow  (referred  to  atmospheric  pressure),  ln®/min. 
u  -  power,  ft. lb. /sec. 
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Impedance  low  niakinr  It  difficult  to  directly  cascade  the  staRea. 
The  ataKos  can  be  aucceaafully  caacaaed  with  the  uao  of  iaolaticn 
relays.  However,  In  pure  fluid  syatoma  there  la  a  definite  need 
for  interriiedlato  ata^ea  of  jr.pedance  matching  to  eliminate  the 
need  for  isolation  relays.  This  is  the  subject  considered  In  th1 a 
paper. 


NONENCLATUFE 


Subscripts 

s 

P 

o 

r 

c 


refer  to 
signal 
supply 
output 

recovery  (no  signal) 
cutoff  (no  output) 


Nondimensionel  Ratios 


R..  = 

r  /r 

U  = 

u  /u 

0 

0 

P 

0 

0  p 

R  = 

r  /r 

u  = 

u  /u 

a 

P 

s 

3'  P 

L  = 

Jl/- 

'*P 

0.  ~ 
V 

0  /a 
*0  *p 

G  = 

g/rp 

U  = 

r 

U 

0 

u  =  0 
s 

power  recovery 

ratio 

U  =  U 

C  3 


Q.,  =  ft.- 


0.  =  Q 

c  ^s 


Uo  =  o 


%  =  ° 


=  power  cutoff  ratio 

=  flow  recovery  ratio 
=  flow  cutoff  ratio 


<lo  =  ° 


U  =  0^/U^  =  overall  power  ratio 

T  C 

« 

Q  =  =  overall  flow  ratio 
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In  Cascading  these  stages,  reaximum  power  transfer  between 
each  stage  and  the  followinv;  one  la  desired.  Maxlmuin  power 
transfer  Is  obtained  when  the  output  impedance  Is  equal  to  the 
load  impedance  or,  In  this  case,  equal  to  the  input  iinpodunce 
of  the  following  stage.  Therefore,  the  stages  will  be  cascaded 
by  making  the  output  orifice  integral  with  the  Input  orifice  of 
the  next  stage  as  shown  in  i^ig.  3» 


2.  Overall  Power  Ratio 

In  a  cascaded  unit,  the  outout  of  anv  one  ntage  Is  the  signal 
for  the  next  stage.  The  signal  stream  does  work  in  deflecting  the 
supply  stream.  Therefore,  the  power  represented  by  the  kinetic 
energy  of  the  streams  is  pertinent.  The  power  represented  by  the 
kinetic  energy  of  a  stream  issuing  from  an  orifice  can  be 
expressed  as 

(2.1) 


,,  _  BlV* 

u  -  -T 


Since  only  pressures  of  20  pslsi  or  less  will  be  considered,  the 
fluid  is  assumed  to  be  Incompresai blc.  Equation  (2.1)  can  then 
be  written 


(2.2) 


~  2/^  ^  * 


or, 

(2.3)  u  «  q®/r*. 

The  power  ratio  from  signal  to  output  can  now  be  expressed  as 


( 


Since  the  cascading  of  these  stages  la  being  studied,  only  their 
overall  power  ratios  need  be  considered.  The  overall  power  ratio 
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is  the  retlo  of  output  power  with  no  signal 


/u  *  U 


to  tho  signal  power  required  to  drive  the  output  to  zero 


U 


=  U  \  .  The  overall  power  ratio  for  a  particular  stage 


Mo  =  o 


can  be  written  as 

(2.5)  U*  =  » 


l.e.,  the  ratio  of  t'ne  power  recovery  to  power  cutoff  ratios < 


Power  Recovery  Rati  o 

The  power  recovery  ratio  la  defined  as  the  ratio  of  output 
power  with  no  signal  to  supply  power,  i.e.. 


The  flow  recovery  ratio,  is  a  function  of  the  geometric  ratios, 

R^  and  G. 
o 

To  determine  as  a  function  of  R^  and  G,  a  teat  fixture  was 

designed  and  built.  The  teat  fixture  consisted  of  a  pair  of 
opposing.  Interchangeable  orifices  with  a  variable  gap.  Various 
cont)lnetlons  of  the  ratios  R^  and  G  were  used  end  the  flow  recovery 
ratios  recorded  and  plotted  versus  G  In  Fig.  li.  It  was  found  that 
the  flow  recovery  ratio  was  scmewhat  Independent  of  the  supply 
prossure.  Frowi  Fig.  !(.  It  can  be  seen  that  for  the  ranges 

(3.2)  5  <  G  <  22, 
and 

(3.3)  0.8  <  Rq  <  1.6, 
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tho  flow  recovery  curves  can  be  approximated  by  straight  linos. 
This  approximation  was  made  and  It  was  possible  to  derive  the 
following  empirical  equation  for  tho  flow  recovery  ratio  as  a 
function  of  and  G, 

(3.h)  =  1.341;  R  -  0.02570  -  0,292. 

P  o 

Based  on  experience,  the  stages  are  designed  such  that  the 

distance  from  the  supply  wall  to  the  center  line  of  the  signal 

orifice  Is  equal  to  2r  .  Therefore,  the  following  relationship 

s 

can  be  written  for  G 

(3.5)  G  =  L  +  2R» 

o 

Substituting  (3-5)  In  (3.4)  yields 

(3.6)  Qj.  =  1.314;R,.  -  0.055R3  "  0.0275L  -  0.292. 

P'urther  substituting  (3.6)  In  (3.I)  gives  an  expression  for  the 
power  recovery  ratio  as  a  function  of  the  geometry, 

(3.7)  Up  ■  ®*055Ra  "  ‘^•^275L  -  0.292)*. 


U*  Power  Ontoff  Ratio 

In  order  to  determine  the  potwr  cutoff  ratio  It  was  first 
necessary  to  find  the  relationship  between  the  signal  flow  (q^) 
and  the  flow  from  the  power  jet  (9lp).  Fx*om  this  relationship  the 
power  cutoff  ratio  U  was  found  from: 


The  analysis  of  was  divided  Into  two  parts.  The  first  part 
relating  the  cutoff  conditions  with  the  deflecting  angle  9,  and  the 
stream  tube  radius  h.  The  second  part  relating  (P  and  n  with  the 
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two  flcwo,  q  and  q  ,  aiid  tho  gooinetrlc  paramotors,  using  tbe 
3  P 

raomontvun  exchange  equotlon. 

/ja.  The  pressure  dl strlbu  tlon  equations 

Consider  a  streairi  tube  of  radius  ti,  approaching  a  flat  wall 
at  an  angle  ^  with  the  normal  to  the  wall.  Assume  that  the  velocity 
vectors  In  the  stream  ore  all  parallel  previous  to  their  being  In¬ 
fluenced  by  the  wall.  The  force  exerted  on  the  wall  by  the  stream 
tube  Is  a  luaAll'iiUi'ii  at  the  pcllit  Where  the  axla  Of  the  tube  IntdrSeCtS 
theWJll,  and  It  decreases  in  all  directions  fi*om  that  point. 

KT  M  M  4  A «%  ^  r\ry  r»  ^  O  A  /V  tjr4  ^Vi  yt  TT  OyIq 

•■•••  .......  ....  ^  ^  ..... 

set  up  nt  tho  Intersection  of  the  wall  and  axis  of  the  stream 

tube,  and  the  t  axla  as  a  measure  of  thepreasure  exerted  at  any 

point.  The  loci  of  ccnatant  pressure.^  are  continuous  closed  paths 

regardless  of  the  angle  cP.  If  ®  =  0,  the  distribution  would  be 

axially  symmetrical  about  the  z  axis,  and  the  loci  of  constant 

pressures  would  be  circular*  Therefore,  it  seems  quite  logical 

that  these  loci  of  constant  pressures  bo  described  by  ellipses  for 

all  values  of  5P,  where  the  ellipses  become  circles  in  the  special 

case  when  o  =  0, 

We  now  define  the  boundary  of  the  three  dimensional  space  as 
the  loci  of  pressures  where  the  pressure  p  =  *  Pj^  (where  p^^^  Is 
the  maximum  pressure  exerted  in  that  space,  and  c  is  •  very  small 
wamber ) . 

If,  as  the  angle  ®  is  changed,  the  Intersection  of  the  center 
of  the  stream  tube  and  the  wall  always  occurs  at  x  0,  then  the 
equation  that  describes  the  boundary  ellipse  can  be  given  by: 
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( Ua .  1 ) 


1 


+ 


fyt-A(T?.cp)]=^ 

b*(n,'P) 


a®{T1,CD) 

where:  =  distance  from  tne  point  of  maximum  pressure  to 

the  center  of  the  ellipao 

a(h,cp),  b(Tl,'5t')  =  the  half  widths  of  the  minor  and  major  axes 
respectively. 

As  CD  In  Increased  from  zero  the  ellipse  that  describes  the 
boundary  olonRotes  In  the  direction  of  cd  (and  thus  In  the  direction 
of  y),  find  contracts  along  the  noma  1  to  the  path  of  ^  (x  exis}» 
so  that  the  area  enclosed  by  a  particular  locus  would  appear  un- 
cnangea.  un  tnis  oasis  it  is  prcposea  met  tne  area  encxosea  oy 
any  boundary  is  constant  with  respect  to  If  this  area  is  chosen 
as  <r*  times  the  area  of  the  stream  tube,  l.e.  equation  (l|a.l) 

becomes : 


(Ua.2T 


oca 


—  lyMi,®))*  =  -"I* 


a*(Ti,^)  ■■  ““il* 

Since  a  is  the  half  width  of  the  minor  axis  normal  to  the 
plane  of  the  angle  cc,  it  can  be  seen  that; 


when  cp  =  0  a  =  *’1 

and  when  ep  =  •^  a  =  h 


30  that  a  could  denend  on  V  In  the  following  manner: 
(lia.3)  a  =  htl+C*-!  )coscp] 

Thus  the  boundary  can  be  described  by 

(La.U)  (oftox)'  (°  “  [“U* 

«hor.  c(»)  =  g 


<* 
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Since  the  point  of  maximum  pressure  appears  In  the  center  of 
the  circular  distribution  when  'P  ~  0,  end  shifts  very  much  like 
the  major  focus  as  is  Increased,  it  was  assumed  that  they  were 
coincidental.  Thus 

(iia.5)  6(h,d))  = -  ®*(®) 

Thus  (l|a.l^)  becomes: 


Since  the  cutoff  flow  ratio  (Q. )  is  definou  as  that  ratio  that 

c 

causes  iMsn-inclualve  tangency  between  the  output  orifice  and  the 
ellipse  locus,  it  la  possible  to  find  the  relationship  between 
and  'n.  From  Fig.  5,  it  can  be  aeen  that: 
j?tan  fp  -  =  b  -  *(^,-5) 

.*.r.  »(»)  *  . 

Thus  the  deflecting  angle  o  Is  related  to  the  stream  tube  radius 
Ub.  The  momantuBi  exchanwu  equations 

In  order  to  form  the  equations  relating  ^  and  e  to  the  applied 
pressures  ond  reometrlc  parameters,  three  important  assumptions 
were  necessary*  The  first  two  were  based  on  density  photographs 
taken  at  the  UnlTerslty  of  Wisconsin.  The  third  is  sosiewhat  of  a 
restriction  on  ine  geometry*  They  are: 

a.  The  pressure  in  the  mixing  region  of  the  gap  is  everywhere 
atmospheric*  The  photos  showed  that  this  was  approximately 
true  as  long  as  the  power  and  signal  strean  were  below 
30  pslg* 
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b.  The  two  atrounia  merge  so  that  the  resulting  stream  con¬ 
tains  the  sum  of  the  masses  of  the  Individual  streams.  The 
photos  showed  a  definite  union  of  the  two  streams. 

c.  The  distance  from  each  of  the  orifices  to  the  point  of 
contact  should  be  short  enough  so  that  the  velocity 
vectors  can  be  assumed  parallel  ond  unretarded  befc'a  con¬ 
tact  with  the  other  stream. 

Thus  if  q-/TTr_“  is  tf.o  velocity  of  the  slKnal  streaDi,  the 
s  s 

rate  of  momentum  acting  on  the  control  volume  due  to  the  signal 


(Ub.l) 


dt  nr.' 


If  q  /^r  *  Is  the  cV  the  supply  stream,  1*-s  rate  of 

P  O  *■ 

momenttjm  Is ; 


Since  the  signal  stream  is  perpendicular  to  the  power  atream, 
the  total  momentum  In  the  direction  of  the  power  stream  becomes: 

dfu  dM  dy. 

dT  ‘  J 

since  the  resultant  flow  is  In  the  direction  of  the  nomentun 
It  can  be  shown  that: 

r**.,  q  V 

(Ufc.lf)  ^  =  arctan 

=  arctan 
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Sinco  the  absolute  value  of  the  incirioiitum  prlvon  in  equation 


(Ub.3)  la: 


(Ub.5) 


fir  = 

dt  TTTl* 


It  can  further  ba  shovm  that: 
(lib.  6) 


Ti  =  r. 


r  -  ij,)  ] 

/  ♦  R/lVj 


li. 


Thus  equations  (Ub.Ii)  and  (I^.b.6)  relate  ti  and  n  to  the  flows, 
and  q^,  end  the  reometrlc  parameters. 

4C .  Flow  cutoff  ratio 

In  order  to  determine  equations  (Uh.U)  and  (lib. 6)  were 
a.ibstltutsd  Into  (lia.7)»  and  the  following  equation  resulted: 

R. 


(Uc.i)  -nx-TFrv’i  « — j  — TPT 


_  l^s/ 


where 


6  = 


rH<) 


For  various  values  of  «,  the  rlKht  side  of  (lic.l)  is  plotted 
versus  Q  /R  in  Fit'.  6.  Several  power  staees  were  designed  and 

C  8 

built  In  order  to  choose  a  value  for  «.  Experimental  points 
obtained  from  these  stages  are  also  shown  in  Fig.  b,  Mheireby  «  -  1;. 
was  chosen.  To  obtain  the  experimental  points  an  e  cf  0.03  >'B3 
arbitrarily  chosen. 

For  all  of  the  power  stages  designed,  the  value  of  Q  /R  was 

C  8 


always  In  the  range 


For  tha  ranpe  pi  van  in  (4c.?),  (l^c.l)  can  be  opproxir.ated  by 


the  slmpliflod  equation: 

/Q.'" 


Llr:^ 


( lic .  3 ) 


n. 


0  u. 

=  U.7  -  3*92  — 
r  ■  "3 


(see  dotted  line  in  Pip.  6). 
Solving  (he. 3)  lop  1/Q, 


V  tiC  . a , 


Y  ^  ® 


/  Q  .  I  O  Ui,  ^ 


V 


-r 


.92H^-L^) 


R  -ih  .V+R 
3  '  o 


h.7R  -3.^2 

e  =  — ■  ^ 

2  -y  h« 7+R^ ’ 


Fpnm  eauetiop  ihc.h)  the  power  cutoff  ratio  can  be  gi.en  as: 

R  ^  f*  T 

( to .  5 )  r  '  L’'  I  ■"  *  “ 

Thus  the  power  cutoff  ratio  has  been  dettrrr.ined  as  a  function 
of  the  geometric  parameters. 

5.  Impednnco  ^etching  fer  Optlmiun  Power  Transfer 

Expressions  hove  been  derived  for  U  and  U  as  funetlcf.s  cf 

r  c 

the  geometry;  (3.7)  and  (h-c.^)  respectively.  Substituting  (3.?) 
and  (he. 5)  in  (2.5)  yields,  ferthe  overall  power  ratio, 

(5.1)  U*  =  lR*}*l0.0275(2X-L)Y(-e  +^B*+3.92R^-»-L’  )]'^ 

where,  ^  =  2h.h29R  "R 

o  s 

h.7R  -3.92 
p  =  ___s _ 

2t  4.7+Ro'  ’ 


3,1 


V 


1 


Thft  overall  power  ratio  as  given  by  (5.1)  Is  a  function  of 
three  geometric  ratios;  R  ,  R  ,  and  L.  A  typical  set  of  overall 

0  3 

powor  ratio  curves  can  he  obtained  by  letting  R  equal  R  and 

o  s 

» 

plotting  U  versus  L  for  various  values  of  the  radius  ratios;  see 
Fig.  7*  Several  power  stages  were  designed  and  built  to  experi¬ 
mentally  obtain  a  particular  power  ratio  curve  and  check  the 
derived  enuatlon.  These  stages  wer?.  designed  for  R^  =  R,  =  1.25 
with  the  experimental  points  shown  on  Fig.  ?• 

From  Fig,  7  it  can  be  seen  that  the  overall  powor  ratio  curves 
exhibit  maxlmums.  The  optimum  values  of  the  length  ratio,  L,  at 

which  these  maxlmums  occur  can  be  obtained  from  (5.1)  by  taking 

* 

tha  partial  derivative  of  U  with  respect  to  L,  settins  It  equal 

to  zero,  nnd  solving  for  L  .  This  yields  the  following  relation- 

Cp  w  • 

ship  fer 

‘5-^)  I'opt.  '  i  [‘-f  • 

It  should  be  noted  that  the  optimum  leneth  ratio  to  give  a  maximum 
overall  power  ratio  Is  also  the  length  ratio  to  give  a  maximum 
overall  flow  ratio. 

In  Fig,  8,  L_  .  Is  plotted  versus  R  for  constant  values  of 

Op  w  •  S 

4?- 

tho  ratiua,  and  R  .  Thus,  for  given  values  of  the  radius  ratios, 
R^  and  R^,  the  length  ratio  to  give  a  maximum  overall  power  ratio 
can  be  read  from  Pig.  8, 

Substituting  iS,?)  Into  (5.1)  gives  an  equation  for  the  over¬ 
all  power  ratio  optimized  with  respect  to  the  length  ratio.  Fur¬ 
ther  optimizing,  with  respect  to  either  R  or  R  yields  expressions 

O  8 

too  complicated  to  handle. 
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The  equation  for  the  overall  powei'  ratio  optimized  with 

reanect  to  the  length  ratio  la  now  a  function  of  only  two 

variables,  and  R^.  Therefore,  the  overall  power  ratio  optimized 

with  respect  to  L  can  be  plotted  versus  R  for  constant  value  of 
* 

R^  and  R  as  In  Pig.  9.  From  Pig.  9  It  can  be  seen  that  there 
are  no  optimum  values  of  radius  ratios  within  the  range  for  which 
the  equations  were  derived. 


6.  Example  Problem 

uivon  two  ampilfior  stages  of  mismatched  Impedance,  It  Is 
desired  to  design  the  Intermediate  buffer  stageCs).  These  stages 
are  cascaded  by  making  the  output  orifice  of  one  Integral  with  the 
signal  Orifice  of  ire  following  one. 

The  given  amplifier  stages  are  shown  In  Pig.  10.  The  maximum 
available  output  flow  from  stage  (1)  is  c.  The  signal  flow  re¬ 
quired  by  stage  (2)  to  obtain  cutoff  is  1.1c.  Therefore,  the 
buffer  stagels)  has  the  following  requirements: 


and 


»  ^  =  iiic  ^  1.1 


*Oi 


Tiio  overall  power  ratio  required  Is 


With  =  1.1  end  =  1.61  enter  Pig.  9*  Tie  curve  of 
Fig.  9  is  satisfied  vtien  R^j^  =  1.25.  Therefore,  one  buffer  stage 
is  sufficient.  To  determine  the  geooetry  of  the  buffer  stage  enter 
Pig.  8  with  Rjj  =  1.1  and  R^^^  =  1.25  and  read 


opt 


11.8 
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The  remalnirif;  geometry  is  detopinined  as 


H  .  ^ 

3D  r 


sh  _ 

V'b 


pb 


^pb  ~  1.2^  ' 


and 


Gu  =  L.  +  2H 
b  b  3b 


rt  —  \ 


(2  =  r-p^G  =  13.66k. 

The  supply  presaupe,  PqJj»  requiped  fop  the  buffer  stage  can  ba 
detepmlned  kno^^ing  and  <lpVj  deduced  with  the  aid  of 

Fig.  U. 

If  the  ovepall  powep  patio  pequlped  by  the  buffer  stage  lies 
outside  the  field  of  Fig.  9.  fhe  need  for  more  than  one  atage  is 
indicated.  Thus,  assuming  the  ranges  for  which  the  equations  were 
derived  to  be  the  limits  of  physical  realizability,  the  minimum 
number  of  buffer  stages  can  be  determined, 

7.  Cone  ludlng  hemarks 

It  should  be  pointed  out  that  the  aim  of  this  paper  is  to  pre¬ 
sent  a  method  of  aoproach,  rather  than  an  exacting  analysis.  The 
equations  that  represent  the  flow  ratios  are  only  approximate  but 
the  results  give  direction  and  liislght  as  to  the  cornpatlbll:.ty  of 
pure  fluid  devices. 

It  should  be  noted  that  idille  restrictions  were  placed  on 
the  geometric  parameters,  (i.o.,  5<j<22,  O.S<R  <?.0.  etc.)  those 
restrictions  do  not  contradict  the  nhyslcally i>eallzabla  range. 

If  the  equations  for  the  flow  ratios  were  Improved  these  limits 
could  be  increased  tn  rover  almost  any  range  that  would  be  desired 
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PROPORTIONED  PUKE  FLUID  AMPLIFIER 
FIGURE  I 
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FLOW  RECOVERY  RATIO 
FIGURE  4 


PRESSURE  DISTRIBUTION  DIAGRAM 

FIGURE  5 
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FIGURE  6 
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OPTIMUM  LENGTH  RATIO 


PURE  FLUID  DIGITAL  LOGIC  WITH  A  SINGLE  SWITCHING  ELEMENT 


by 

Peter  Buuer 
of 

'Bowles  Engineering  Corporation 


AhSTkACT 

The  advent  of  pure  fluid  amplifiers  has  introduced  the  question  of 
Arnnnmy  in  the  develooment ,  desinn,  manufacture,  and  test  of  pure  fluid  cir¬ 
cuits  and  systems.  The  principles  of  conventional  electronic  logic  design 
(such  as  "NOR"  logic)  were  employed  as  the  basis  for  the  development  of  one 
universal  digital  element  to  serve  a  multitude  of  logic  functions,  singly  and 
in  combinations.  Dsflnite  and  conclusive  evidence  was  desired  to  provp  the 
objective  not  only  feasible  but  practical  as  well.  With  this  aim  in  mind,  no 
particular  attempt  was  made  to  optimize  the  performance  of  the  element  alone. 

Thoughts  on  the  selection  of  the  kind  of  element  used  in  this  study  are 
discussed,  and  preliminary  specifications,  based  on  these,  are  given.  The 
design  and  operation  of  the  fluid  element  selected  is  described,  and  pertinent 
performance  characteristics  are  presented.  The  principles  on  which  circuit 
and  circuit  assembly  design  were  based  arc  discussed  and  examples  of  the 
main  logic  functions  performed  by  this  element,  when  used  in  digital  circuits, 
are  given.  Circuits  which  were  tested  are  described  together  with  element 
Interconnection  characteristics  obtained.  Some  results  of  in-circuit  measure¬ 
ments,  steady  state  as  wpI!  as  transient,  are  given.  Conclusions  are  drawn 
from  characteristics.  The  breadboard  circuit  assembly,  developed  during  this 
piuyiaiu,  performing  the  principal  logic  operations  including  amplification, 
inversiun,  "OR",  "NOR",  and  "AND"  gating, is  described.  Fabrication  tech¬ 
niques  used  and  later  advances  made  are  mentioned. 

The  feasibility  as  well  as  practicability  of  employing  one  fluid  element 
to  provide  most  of  the  basic  logic  functions  needed  in  digital  systems  is 
demonstrated  and  the  direction  of  future  development  is  indicated. 
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INTRODUCTION 


The  advent  of  pure  fluid  amplifiers  has  introduced  the  question  of 
economy  in  the  de'/elopmcnt,  design,  manufacture,  test,  and  maintenance  of 
pure  fluid  elements  and  systems.  A  survey  of  conventional  digital  logic  and 
logic  design  methods  on  one  hand,  and  an  evaluation  of  possible  development 
and  manufacturing  techniques  oa  the  other  hand,  has  shown  the  need  for  a 
standardization  oi  fluid  element  designs.  The  program  described  in  this  report 
\.’as  initiated  to  demonstrate  that  a  single  digital  switching  element  could  be 
employed  to  perform  a  variety  of  logic  functions  in  digital  circuits.  Conven¬ 
tional  logic  design  suggested  the  "NOR"  gate  as  one  of  the  most  universally 
useful  elements . 


LOGIC 


"NOR"  gate  is  shown  in  Figure  1. 
It  consists  of  a  power  stream 
(P+),  two  control  inputs  (C\  and 
C2) ,  and  two  output  lines.  This 
tilei.ient  is  stable  on  one  si"**^;  If 
neither  nor  C2  is  providing  an 
input  signal,  the  power  stream 
will  issue  from  the  "NOR"  output. 
If  a  control  signal  is  provided  by 
cither  or  C2  nr  both,  the  power 
stream  will  be  directed  into  the 
other  output  line  for  the  duration 
of  the  control  signal  6»iJ  no  out¬ 
put  will  be  present  at  the  "NOR" 
output  line. 

Figure  2  presents  sche¬ 
matics  of  some  ot  the  possible 
basic  uses  for  the  "NOR"  gate. 
The  first  schematic  represents 
the  standard  "NOR"  gate,  the 
second  the  ®tanH.ird  "OR"  gate. 
The  elenient  should  be  able  to 
ser/e  both  functions  if  the  fluid 
considerations  are  properly  taken 
into  account  during  design.  The 
corre .spending  schematics  of  a 
"NOT"  unit  (inverter)  and  a 
"RELAY"  (amplifier)  are  also 
shown.  Both  use  a  single  con¬ 
trol  input.  The  unused  output 


NOR 


Fig.  I  "nor"  gate  SCHEMATIC 


Fig.  2  "nor"  GATE  USES  (SCHEMATIC) 
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lint'  returns  to  "DUMP"  or  "power  return"  in  every  case.  However,  it  is 
possible,  by  suitable  design,  louse  both  outputs  simultaneousiy  whore  the 
nurribcr  of  elements  used  must  be  reduced  to  the  absolute  minimum.  In  this 
program,  the  assumption  was  made  to  use  one  outout  line  only  for  the  sake 
of  a  simplified  design. 


DESIGN  AIM 


The  objective  of  this  program  was  to  demonstrate  the  feasibility  of 
employing  a  single  fluid  element  to  provide  a  variety  of  digital  functions  alone 
and  in  rnmbinations .  The  element  design  was  based  on  techniques  available 
at  the  time  and  no  attempt  to  optimize  or  improve  performance  was  made.  The 
following  general  specification?  for  the  fluid  element  were  established  to 
accomplish  the  objective  of  the  program. 

Power  consumption:  as  lov/  as  possible 

Size:  as  small  as  possible 


Fan-out  ability: 


one  output  must  be  able  to  con¬ 
trol  at  ’east  two  Inputs  of  the 
same  type  of  element 


vDoaLioi  inputs: 


at  least  two 


switching  speed: 


as  high  as  possible 


Air  v.as  chose.r  as  the  fluid  which  could  be  i'.andled  easiest.  A  supply 
pressure  of  1  psig  was  chosen  to  insure  d'fJritc:  operuiiuii  and  to  facilitate 
measurements  without  an  unnecessarily  high  power  level.  The  size  (20  mil 
'.vicith  for  power  nozzle)  was  compatible  with  power  c  onSLiiription  requirements 
and  ease  of  fabrication,  handling  and  measurement.  The  fan-out  ability  and 
the  number  of  inputs  required  represent  the  minimum  properties  to  achieve  the 
objective.  The  switching  sp«icd  obtained  was  accepted  v/ithout  reservations. 


DESIGN 


Figure  3  shows  the  type  of  configuration  which  was  chosen  and  the  main 
paths  of  fluid.  In  the  absence  a  control  input  signal  (Cj,  C2)  the  povtrer 
stream  (P+)  locks  onto  the  left-hand  wall  and  Is  stable  on  the  side  designated 
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as  "NOR".  Tf  a  signal  is  provided 
by  one  or  both  control  inputs,  Uie 
power  stream  is  deflected  into  the 
other  output  line  designated  as 
"or.".  A  small  part  of  the  power 
streair.  is  diverted  into  thp  round 
chamber,  where  it  forms  a  vortex 
and  provides  a  negative  feedback. 
This  feedback  insures  a  fast  and 
definite  returning  of  the  power 
stream  to  its  stable  position  (NOR) 
when  the  control  signal  is  discon¬ 
tinued. 


Fig.  3  ELEMENT  CONFIGURATION 


CH.^R.^CTERISTICS 

Typical  steady-state  char¬ 
acteristics  of  the  designed  elornent, 
reference  table  I,  operating  at  i 
psig  supply  pressure  and  0  psig 
dump  pressure,  are  shown  in 
Figure  4.  The  characteristic  areas 
shown  encompass  the  various 
possible  operating  conditions  and 
different  interconnections. 

The  "NOR^"  characteristic 
shows  the  pressure/flow  relation¬ 
ship  at  the  "NOR"  output  for 
various  output  loads  in  the  absence  Hg.  n  "nOR"  ELEMENT-STEADY  STATE 
of  a  control  signal,  l.e. ,  when  the  CHARACTERISTICS 

power  stream  is  feeding  the  "NOR" 

output.  The  "OR0"  characteristic  gives  the  pressure/flow  relationship  at  the 
"OR"  output  for  various  loads  when  the  element  is  in  the  same  state,  i.e., 
in  the  absence  of  a  control  signal.  The  "OR®"  and  the  "NOR®"  charactfri  sties 
are  similarly  measured  when  the  element  is  switched  to  the  "OR"  output,  l.e. . 
in  the  presence  of  the  minimum  control  signal  to  cause  such  switching.  The 
"CONTROL"  input  characteristic  represents  the  prcsi.ure/flc>w  lelationship  at 
one  input  for  various  output  conditions  when  the  element  is  in  both  states 
(and  passing  through  switching  and  returning  conditions).  The  switching  and 
returning  range  (horizontal  dashed  lines)  encompasses  switching  and  returning 
parameters  under  the  same  varied  conditions. 
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The  characteristics  of  the  "NOR"  and  "OR"  outputs  and  the  control 
input  characteristic  are  superimposed.  If  the  output  of  one  unit  is  connected 
to  another  unit's  input,  the  equilibrium  conditions  are  in  the  coordinates  of 
the  common  (crossover)  areas  of  the  two  respective  curves.  The  switching 
and  returning  range  for  the  control  characteristic  lies  between  any  such  two 
conjugate  common  areas,  as  required  for  satisfactory  operation.  Fanning  out 
from  one  unit  into  two  control  inputs,  one  obtains  the  second  control  charac¬ 
teristic,  shown  as  a  dotted  region.  (This  is  obtained  by  doubling  all  the 
measured  single  control  input  flows  .)  In  the  same  manner,  as  before,  one  can 
find  equilibrium  conditions  for  such  an  interconnection. 

Thesw  chdracteristlc  rtirvHs  show  whether  cr  not  an  element  will  operate 
satisfactorily  within  a  circuit:  they  give  the  fan-out  ability,  the  equilibrium 
conditions,  and  many  other  pertinent  data.  Furthermore,  conclusions  as  to 
allowable  tolerances  and  safety  margins  can  be  drawn  from  these  curves,  as 
v.'cll  zz  .iOuitr  auuui  liie  element's  probable  transient  behavior  and 

its  stability. 

From  general  past  experience  it  is  known  that  steady-state  character¬ 
istics  are  usually  conservative  in  describing  some  aspects  of  the  actual 
operation  of  fluid  elem^nlj,  such  as  switching  and  returning.  An  element 
will  not  switch  and  return  under  steady-state  control  conditions  if  th»  con¬ 
trolling  switching  pressure  is  less  and  the  controlling  returning  pressure  is 
more  than  the  characteristic  measured  values.  However,  the  clement  may 
operate  satisfactorily  when  controlled  by  transients  of  the  same  peak  amplitude 
values.  Such  transient  switching  characteristics  become  important  when 
steady-state  switching  would  predict  marginal  operation  under  some  circuit 
conditions. 

Figure  5  shows  characteristic 
wave  forms  within  a  circuit  with 
short  intercoriiiecling  channels. 

They  were  measured  with  ?t  h.ot- 
wire  anemometer  system  developed 
for  such  purposes  by  the  Bowles 
Engineering  Corporation  (Reference 
1).  The  first  picture  shows  a 
single  pulse  of  approximately 
20  milliseconds  duration,  the 
second  one  a  repetitive  wave 
form  of  250  pps.  Characteristic 
pulse  rise  times  are  of  the  order 
of  Z  milliseconds,  necessarily 
becoming  shorter  at  higher  fre¬ 
quencies,  mainly  due  to  the  loss 
in  pulse  amplitude .  The  third 
wave  form  is  the  result  of  a 


xo 
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I 


Fig.  5  CHARACTERISTIC  WAVE  FORMS 
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switching  or  signal  transter  time  ineasuicmcnt.  The  "At"  shown  is  measured 
between  a  point  just  before  entering  a  control  input  of  an  el'^ment  within  a  cir¬ 
cuit  and  just  downstream,  from  the  output  of  ihe  same  element.  It  consists  of 
the  signal  transport  time  within  the  clement  channels  and  the  actual  reduced 
switching  time.  If,  for  simplicity's  sake,  we  define  "tL"  cis  the  sonic  velocity 
LiaiispoiL  lime  along  the  measured  average  channel  lengths  between  the  points 
of  measurement,  the  reduced  sv/itching  time  ("tj-")  is  the  difference  between 
the  measured  "A  f "  and  the  calculated  sonic  transport  time  ("1^").  This  value 
for  the  "NOR"  element  is  approximately  0.5  milliseconds  under  normal  in- 
circuit  conditions. 


TART  F  T 


A  summary  of  characteristics  of 
It;  niven  helcw 

Active  area 
Depth 

Nozzle  v/idth 
Aspect  ratio 
Power  consumption 
Sup.rly  piessuio 
Dump  freturr.)  pressure 
Fan-out  ability 
Number  of  control  inputs 
Reduced  switching  time 


molded  models  of  the  universal  element 

1/4  in^ 

0. 120  in 
0.020  in 
6 

less  than  1  watt 

1  pslg 
0  psig 

2  to  3 
2 

approximately  0.5  milliseconds 
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BREADBOARD  CIRCUIT 


Besides  many  different  cir¬ 
cuit  tests  made  with  this  designed 
"NOR"  element,  a  bieadboard  cir¬ 
cuit  assembly  was  constructed. 
Figure  6  gives  the  schematic  cir¬ 
cuit  diagram.  The  various  basic 
logic  circuits  employed  can  be 
seen,  and  the  flexibility  of  inter¬ 
connecting ’NOR"  elements  and  of 
interconnecting  "NOR"  and  other 
elements  is  clearly  detnenstrated. 
The  operation  of  the  circuit  is 

•  •'•'4  ...  ^11-.  r  r  .  i  r> 

t  t  1  4  X 

of  two  thermistor  (TH)  flow/no  flow 
indicators  (Referer'.ce  1)  and  ent- 
pneumatically  operated  reed  switch 
(RS)  and  lamp  circuit. 


Fig.  6  LOGIC  CIRCUIT  DIAGRAM 


An  oscillator  (40  pps),  consisting  of  a  "NOT"  element  v/ith  a  delayed 
feed-back,  drives  (through  an  amplifier  inverter.'  a  modular  six-stage  binary 
counter  (BC) ,  which  in  turn  is  feeding  one  input  of  a  two-input  "AND"  gate. 

The  second  input  to  this  "AND"  gate  ccnsicts  of  tw'o  inverters  and  one  "NOR" 
gate.  Tile  uuipul  of  diis  "AND"  gait  is  fee  to  one  input  of  a  3-input  "OR" 
gete  at  the  top  of  the  diagram.  Tiie  other  two  input.s  are  from  a  manual  pure 
fluid  keyboard  to  a  second  "OR"  whose  output  feeds  the  other  input  of  the  same 
"OR"  fed  by  the  "AND"  gate  at  the  bottom  of  the  figure.  If  o  signal  ic  provided 
by  any  one  or  mure  thin  one  of  the  3  inputs,  the  "OR"  provides  a  signal  which 
operates  the  flip-flop  (FF)  push  pull  by  dividing  and  inverting  the  "OR"  gate 
ouipul . 


The  pulse  rate  divided  by  54  in  the  binary  counter  feeds  the  "AND" 
assembly,  is  gated  through  it  by  the  signal  from  the  manual  actuator  and 
operates  the  flip-flop  and  the  electrical  read-out  through  the  rest  of  the  cir¬ 
cuitry.  The  manual  "OR"  inputs  can,  of  couise,  override  this  pulse  transfer. 
Ip  ^ih.conre  of  a  signal  gated  through  the  "AND"  assembly,  the  manual  "OR" 
.nputs  can  actuate  the  flip-flop  as  well.  The  electrical  read-out  circuits 
monitor  signal  transport  and  gating  in  the  "AND"  circuit.  Various  uses  of  the 
universal  "NOR"  element  can  be  clearly  seen  and  demonstrated.  "NOR", 
".NOT",  "AND",  "INHIBIT  AND",  and  "OR"  functions  are  shown. 
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f’iguie  7  is  a  photograph  of  the 
actual  breadboard  panel  as  described. 
With  the  exception  of  the  oscillator  cir¬ 
cuit,  the  power  distribution,  and  the 
electrical  circuitry,  which  are  located 
behind  the  panel ,  all  circuits  are  as 
shown  in  the  schematic  diagram  in  Figure 
6.  The  modular  binary  counter  has  provi¬ 
sion  for  an  electrical  read-out  at  every 
stage,  but  it  was  not  used  in  this  case. 


Fig.  7  PNEUMATIC  NOR-LOGIC  CIRCUITS 


Typical  examples  of  othci 
circuits  tested  are  shown  in  Figure 
8.  The  half-adder,  a  fiip-llop,  and 
leading  edge  and  trailing  edge 
differentiators  were  constructed 
using  exclusively  universal  "NOR" 
elements. 


FLIP-FLOP 


L.E.  DIFFERENTIATOR  E.  DIFFERENTIATOR 

Fig.  8  EXAMPLES  OF  BASIC  CIRCUITS  TESTED 


FABRICATION 

Molding 

At  this  stage  it  may  be  pertinent  to  mention  something  about  the  fabri¬ 
cation  of  the  elements.  A  drawing  of  the  proposed  design  was  scaled  up  to 
produce  a  large  master  template  for  use  during  milling  of  the  element  in  an 
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enqraving  machine.  The  obtained  unit  was  used  as  a  master  for  the  proprietary 
"moldform"  process  to  cast  the  final  el?ment  from  epoxy  .esiri.  This  low  cost 
fabrication  method  has  proven  quite  suitable  for  laboratory  purposes  and  for 
short  or  medium  production  runs.  Molded  units  of  several  aspect  ratios  were 
prepared  and  tested.  The  data  presented  arc  for  the  unit  described  in  Taole  I 
having  an  aspect  ratio  of  6. 


Optiform 

The  silhouette  of  the  universal  "NOR"  gate  was  also  used  to  make 
elements  utilizing  the  proprietary  "Optiform  Process  A"  (Reference  2).  This  is 
an  optical  machining  process.  The  kiye  scale  silhouette  is  photographically 
reduced  to  the  finally  required  size  and  optically  transferred  to  photosensitive 
plastic,  which,  after  processing,  provides  the  finished  element. 

Comparison  tests  were  made  with  regard  to  performance  of  molded  and 
Optiform  models,  which  had  the  same  aspect  ratio  (=2).  No  measureable 
differences  were  detected.  Also,  the  optically  machined  clement  has  been 
subjected  to  a  life  test,  being  switched  at  a  rate  of  33  pulses  per  second.  It 
has  accumulated  to  date  over  70  million  switching  cycles  without  a  detectable 
degradation  of  performance.  This  test  is  continuing. 


SUMMARY 


We  have  made  use  of  conventional  logic  experience  to  simplify  logic 
circuit  design  with  pure  fluid  devices,  by  standardizing  basic  elements  to 
the  point  of  a  single  universal  digital  element,  the  "OR"/"NOR"  gate.  This 
element  has  been  designed,  inauu,  and  replicated.  Its  characteristics  were 
determined  and  it  was  interconnected  into  various  basic  logic  circuits.  The 
feasibility  as  well  as  the  practicability  of  such  a  scheme  was  proven. 
Improved  units  and  circuits  using  these  elements  are  being  designed. 
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HIGH  SPEED  PNEUMATIC  DIGITAL 
OPERA’nONS  WliTi  MOVING  ELEMENTS 

by 

H.  £.  Riordaa 
of 

Keaxfott  Divisioa 
Geccral  Preclaioo,  loc* 


Origia  of  the  Concept 

Keaxfott  first  becsae  interested  in  pneuastic  digital 
computers  in  conjunction  with  a  feasibility  study  on  an  all« 
pneuaatic  guidance  system.  Such  a  systea  is  of  interest  for 
applications  presenting  a  severe  thermal  or  radiation  environaent. 
Digital  data  processing  was  selected  for  the  pneuaatic  systea 
because  it  presented  no  accuracy  limitaticn:  Cas  opposed  to 
analog  computation),  and  because  it  was  felt  that  the  digital 
approach  offered  greater  flexibility  of  application  and  design. 

A  set  of  perforaance  and  design  requirements  was  prepared 
for  the  computer,  based  both  on  the  results  of  the  guidance 
systea  feasibility  study  and  on  the  desire  for  an  approach  which 
would  be  adaptable  to  as  broad  a  range  of  applications  as 
possible. 

These  requirements  were: 

1.  Adequate  speed  of  operation  (10  to  100  yusec) 

2.  Simplicity  of  operating  principles 

3.  Snail  size 

4.  Flexibility  of  function 

5.  Ease  of  converting  between  electrical  and  pneuaatic 
signals 

6.  Ease  of  testing 

7.  Coapatibility  with  existing  manufacturing  techniques 

8.  Reasonable  cost 

9.  Moderate  power  consuaption 

10.  Reliable  operation  in  adverse  environments. 

FroB  this  set  of  requireaents  it  appeared  that  the  basic 
approach  would  have  to  have  the  following  characteristics: 

1.  Saall  size  <—  since  the  speed  of  sound  would  be  one 
of  the  Uniting  conditions  on  response  speed  ••  and 
because  a  compact  systea  with  low  power  consuaption 
was  required 
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2. 


A  moving  element  —  to  permit  easy  testing  with 
existing  elei-tricf.l  digital  equipment  and  ready 
conversion  between  electrical  and  pneumatic  signals 

3.  Modular  Construction  --  requiring  only  simple  repeti¬ 
tive  operations  for  fabrication  and  providing  Baximum 
flexibility  of  circuit  configuration, 

Basic  Circuit  Element 

The  basic  Kearfott  pneumatic  computer  element  appears  to 
meet  all  of  the  preestablished  requirements.  It  consists  of  a 
V>all  moving  freely  in  a  cylinder  having  two  axial  ccruiections 
at  the  ends  and  two  or  more  radial  connections  (Figure  !)• 

When  the  hall  -5 at  either  end  of  the  cylinder,  it  closes 
the  axial  connection  at  that  end. 

If  such  a  device  is  connected  to  a  pressure  source  as 
shown,  it  will  behave  as  a  bistahle  eleeentj  aeriapting  as 
input  signals  cither  the  application  of  a  pressure  change 
or  a  closure  to  the  input  connections.  The  output  appears  as  a 
pressure  change  at  the  axial  connections  ox  ai.  a  flow  change 
through  the  radial  connections. 

If  an  additional  central  radial  connection  is  used,  the 
device  exhibits  three  staule  states,  and  may  be  used  in 
preference  to  the  bistable  element  to  simplify  some  types  of  ci^’cult 
The  basic  element  provides  both  pressure  and  flow  gain  and  hence 
is  a  true  amplifier. 

It  can  be  shown  that  all  of  the  fundamental  logic  and 
arithmetic  functions  can  be  instrumented  with  simple  combinations 
of  one  or  mote  bistable  elements.  Examples  of  some  simple  logic 
and  oscillator  circuits  axe  showu  iu  Figures  2  through  5. 

Tlie  first  working  model  was  built  up  of  plexiglass  plates 
and  plastic  balls  (Figures  6  and  7).  This  unit  is  approximately 
eight  times  the  size  (linear  dimensions)  of  one  scaled  for 
optimum  response  speed  and  manufacturability.  It  represents, 
howev««r,  a  sire  which  would  be  useful  for  process  control  and 
other  relatively  low  speed  applications. 

The  second  model  (Fig.  8)  was  an  instrumentation  of  the 
two  stage  circuit  shown  in  Figure  4.  It  is  an  "and"  followed 
by  an  inverter  or  "not"  and  is  about  three  times  the  size  of 
a  normal  element. 

Construction 

The  use  of  simple  drilled  and  grooved  plates  to  build  up 
modules  containing  a  number  of  elements  with  their  interconnec¬ 
ting  ciicuitry  is  shown  in  Figures  9  and  10. 


It  iias  been  a  pleasant  surprise  to  find  that  even  up  to 
rather  high  operating  pressures,  no  precaution  against  leakage 
other  than  clamping  of  the  plates  has  been  necessary. 

The  choice  of  materials  is  conditioned  by  oi^erating  tempera* 
ture,  response  speed  (since  the  the  ball  is  important), 

and  ease  of  manufacture.  Photoceram  appears  ideally  suited  to 
many  classes  of  applications.  Photo-etched  metal  also  appears 
to  be  quite  suitable.  The  balls  may  be  of  any  suitable  metal, 
ceramic,  or  even  plastic. 

Tolerances  arc  quite  reasonable  since  normal  operation 
assumes  leakage  past  iue  ball  and  is  possible  even  with 
leakage  at  the  axial  Snd  ports. 

Development  Program 

Following  the  demonstration  of  basic  feasibility,  effort 
has  been  conceotcated  on  ootaining  t utidaiueulal  iufoi:iua.tioa  on 
the  behavior  of  the  device.  The  first  concern  has  been  to 
establish  a  valid  mathematical  model  of  sufficient  simplicity 
to  permit  the  design  of  circuits  with  reasonable  facility. 

Since  the  equations  of  gas  flow  are  non-linear  and  inconven¬ 
ient  in  form,  a  search  has  been  mace  for  a  useful  set  of 
linearizing  assumptions  which  could  be  made  compatible  with  the 
mathematical  structure  used  in  conventional  electrical  circuit 
analysis. 

The  problem  is  somewhat  complicated  by  the  existence  of  size 
effects  which  tend  to  invalidate  some  of  the  assumptions  made 
in  conventional  orifice  flow  analysis.  The  size  effects  are 
associated  with  the  velocity  of  approach,  the  significance  of 
viscous  frictics,  ard  the  effects  of  discontinuous  geometry  in 
the  flow  channels.  An  additional  complexity  is  introduced 
by  the  necessity  of  considering  the  effects  of  coquressibility 
and  the  fiaite  speed  of  sound  in  the  working  medium. 

We  have  attacked  the  design  problem  by  assuming  a  very 
simple  model  initially  and  introducing  such  corrective  terns  as 
the  experimental  results  might  suggest. 

One  highly  simplified  view  is  represented  bv  the  equations 
shown  in  Figure  13.  For  certain  choices  of  orifice  size  ratios 
and  operating  pressures,  this  representation  is  quite  i.seful. 

In  order  to  check  the  validity  of  a  given  representation 
of  the  device,  the  following  criteria  were  adapted  because  of 
the  relative  ease  of  making  the  necessary  measurements: 

1.  Effect  of  supply  pressure  on  stability 

2.  Effect  of  supply  pressure  on  transit  time 

3.  Effect  of  orifice  size  ratios  on  transit  time 

A,  Effect  of  ball  clearance  on  transit  time* 
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Transit  time  has  been  Measured  electrically,  using  the 
single  elenent  test  unit  shown  in  Figures  11  and  12.  This 
unit  has  an  0.020  dimeter  cylinder  and  a  ball  travel  cf  0.008 
inch.  For  investigative  work,  however,  photographic  neasurement 
of  ball  position  has  proved  nore  accurate.  In  addition,  the  use 
of  a  transparent  model  is  helpful  in  detecting  anomalous 
operation  such  as  might  be  caused  by  leaks,  bad  end-seat  geometry, 
or  incorrect  orifice  sizing. 

The  photographic  setup  is  shown  in  Figures  14  and  15.  This 
unit  has  a  cylinder  bore  of  0.0244  inch  aad  is  used  with  various 
ball  diameters  and  travel  distances. 

The  phAtogrephic  test  unit  is  shovin  set  up  as  a  tuned 
multivibrator  in  Figure  16.  A  typical  set  of  transit  time  data 
is  plotted  in  Figure  17.  Por  the  scaling  used,  the  transit  time 
correlates  quite  well  with  the  semi-eflpricial  formula  of 
Fisure  13.  if  the  effective  pressure  drop  across  the  ball  is 
computed  from  the  supply  pressure  on  the  basis  of  simple  orifice 
theory. 

It  will  be  seen  that  the  shortest  transit  time  with  a  brass 
ball  in  tiiis  :iesies  of  tests  was  169  microseconds.  An  aluminum 
or  ceramic  ball  will  give  about  100  microseconds.  With  the 
shortest  practical  ball  travel.  This  can  be  furtner  reduced  to 
70  microseconds.  For  transit  times  shorter  than  this,  it  is 
necessary  to  go  either  to  higher  supply  pressures  or  to  moving 
elements  of  special  geometry. 

Performance  Capabilities 

Since  the  basic  bistable  element  will  change  state  and 
produce  a  useful  power  output  vrhen  a  pressure  is  applied  to 
the  input  without  any  accompanying  input  flow,  it  is  difficult 
to  define  the  TOwer  gain.  However,  pressure  gain  may  be  related 
to  the  ratio  of  the  projected  area  of  the  ball  to  the  cross  sectional 
area  of  the  axial  end  porta. 

A  pressure  gain  of  ten  is  readily  obtainable.  The  practical 
upper  limit  has  not  yet  been  established.  Pressure  gain  a»5 
response  speed  are.  however,  inversely  related. 

In  view  of  tbe  experimental  data  thus  far  obtained,  it 
is  calculated  that  a  transit  time  in  tbe  vicinity  of  20  micro¬ 
seconds  shAMld  be  achievable  at  reaaoaable  supply  pressures 
with  special  geometry  of  the  iroving  e  lement.  For  the  packaging 
tediniques  being  developed,  the  transmission  delay  between  units 
will  be  about  8  microseconds.  The  input  time  constant  will 
be  in  the  neighborhood  of  10  microseconds;  hence  overall  operating 
times  of  40  to  50  microseconds  appear  to  be  achievable. 

This  speed  corresponds  to  clock  frequencies  in  the  range  of 
20  to  25  kilocycles  per  second.  This  is  a  usable  frequency  for 
a  sizable  class  of  guidance  and  control  computers,  and  is  more 
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than  adequate  for  nany  industrial  control  and  conputing  applica¬ 
tions. 


Since  the  basic  eicnent  is  snail  and  relatively  inexpensive, 
inprovenent  in  overall  conputing  speed  can  be  achieved  at 
reasonable  cost  by  enploying  parallel,  rather  than  serial,  logic 
and  arithnetic. 

There  is  no  upper  linit  on  the  size  of  the  elenents.  Thus, 
direct  conversion  Iron  signal  le  \el  to  power  outputs  capable  of 
perforsiing  useful  nechanical  v;o:k  is  accomplished  simply  by 
using  larger  units  as  output  power  amplifiers. 

No  internal  temperature  rise  occurs  in  the  computing  circuits, 
so  that  full  advantage  can  be  taken  of  the  high  packaging  density. 

Direct  electrical  inputs  are  accepted  by  using  small  coils  to 
maeaeticallv  force  ball  motion.  Blertrirai  readout  i«  ol»taiB(pd 
by  direct  contact  with  the  ball  or  by  using  capacitive  ox  magnetic 
sensing  of  ball  position.  Present  planning  envisions  the  provision 
of  built-in  electrical  test  circuits  for  checkout  and  trouble¬ 
shooting. 

Potential  Applications 

The  most  obvious  applications  of  pneumatic  digital  equipment 
axe  those  in  which  a  severe  thermal  or  radiation  environment 
precludes  or  seriously  hinders  the  use  of  electrical  equipment. 

Examples  of  such  situations  are: 

Reactor  control 

Control  of  reactor-power  devices 

Control  of  re-entry  ox  other  very  high  msch  number  vehicles. 

Other  applications  involve  the  absence  of  electrical  power, 
unwillingness  to  rely  on  auxiliary  electrical  power  supplies, 
or  existing  use  of  pneumatic  data  transmission  sad  power  devices; 
for  example: 

Steam  generator  controls 
Chemicsl  process  controls  and  data  systems 
Low  cost  tactical  weapon  control 
Machine  tool  control 
Submarine  controls. 

If  low  cost  and  high  packaging  density  are  realized  to  the 
anticipated  extent,  some  penetration  into  fields  normally  reserved 
for  electrical  computation  can  also  be  anticipated. 

CcQClusion 

It  has  been  possible  to  devise  a  pneumatic  digital  computing 
element  providing  adequate  response  speed,  ready  conversion 
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between  pneumatic  and  electrical  signals,  and  high  packaging 
density. 

Tests  have  thuj  far  verified  the  de.>ign  assumptions, 

Experience  with  working  units  has  revealed  additional  advantages 
arising  from  the  use  of  plate  type  construction.  The  very  simple 
basic  geometry  and  good  freedom  from  tolerance  sensitivity  of 
the  moving  ball  element  help  provide  assurance  that  production 
Costs  will  be  reasonable. 

Work  is  being  concentrated  on  the  development  of  basic 
understanding  of  the  device  and  of  convenient  mathematical  descrip* 
tions  and  circuit  design  techniques.  Kearfott  is  ready  at  this  time 
to  undertake  the  design  and  developinent  of  useful  pneumatir  romputing 
and  control  devices  based  on  the  moving  element  bistable  device. 
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B/>SIC  ELUENTS  AND  CIRCUITS 


OUTPUT 


SCHtHATIC  OF  TYPICAL  2  STAOE  CIRCUIT 


FIGURE  4 


SCHEMATIC  OF  TUNED  MULTIVIBRATOR 


FIGURE  5 


FIRST  WORKING  MODEL  (SECTION) 


FIGURE  6 


FIRST  WORKING  MODEl  (EXPLODED  VIEW) 
FIGURE  7 
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TYPICAL  PLATE  CONSTRUCTION 


PNEUMATIC  COMPUTER 


EXPLODED  VIEW  -  ELECTRICAI.  OUTPUT  MODEL 
FIGURE  1.2 
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RESPONSE  TIME  FORMULAS 


RESPONSE  TIME 


FIGURE  I 
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TRANSIT  TIME  VS.  PRESSURE  GRAPH 
FIGURE  17 
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This  paper  proposes  a  system  of  short -hand  symboln  that  effectively  dif¬ 
ferentiates  between  analog  and  digital  devices,  beam  deflector  and  vortex 
amplifiers  and  passive  versus  active  types  of  valves.  A  means  of  designating 
the  memory  and  no-memory  digital  amplifier  is  also  providiid.  On  this 
simple  base  it  is  possibJe  to  build  symbols  representing  the  more  sophisti¬ 
cated  logic  and  control  components.  Examples  given  include  an  operational 
amplifier,  simple  flip-flop,  counter,  half  adder  (or  exclusive  OR),  AND, 

OR  and  NOT  elements. 

Representation  is  also  suggested  for  the  commonly  used  circuit  elements 
such  as  resistance,  capacitance  and  inductance.  Some  of  the  common  pit- 
falls  of  electrical  analogies  to  these  elements  are  outlin^ad.  Examples  of 
schematic  circuits  using  these  suggested  symbols  are  also  presented. 

INTRODUCTION 

Some  risk  must  be  involved  in  proposing  a  system  of  standard  symbols 
nr  nomenclature  for  a  ti:chnology  as  young  and  explosive  as  fluid  amplifiers. 

It  is  impossible  and  unwise  to  try  to  anticipate  all  possibilities,  since  new 
developments  are  popping  up  at  a  phenomenal  rate.  At  the  same  time,  fluid 
amplifier  circuits  are  becoming  more  complex  and  a  real  need  now  exists 
fur  schematic  presentation  of  circuits.  This  meeting  presents  a  fitting 
opportunity  to  broach  the  subject  of  adopting  a  standard  set  of  symbols  before 
the  many  firms  and  individuals  in  this  field  develop  too  widely  diverging  a 
set  of  symbols  of  their  own.  The  symbols  suggested  in  this  paper  are  offered 
for  discussion  and  it  is  hoped  they  will  lead  to  a  better  means  of  communica¬ 
ting  ideas  in  this  field. 
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I’hc  syinholf.  art*  sitTiple  and  fU;>.iblo,  pt?r mittinf;  the  "building  block" 
approach  so  necessary  to  a  technology  of  this  type,  where  standards  should 
dctinitely  not  limit  freedom  in  representation.  This  paper  will  deal  primarily 
v’ith  symbols  although  some  suggestions  for  standard  performance  .specs  and 
element  designation  ar<'  in  order.  It  is  understood  that  DOFL  is  developing 
a  .'•.yslem  of  no.menclatur e  for  fluid  amplifiers  to  permit  presentation  of 
analyses  in  a  more  standard  form. 

'•'UNDAMENTAL  DEl.lNEATIONS 

Fluid  amplifiers  can  be  categorized  in  many  ways.  However,  several 
basic  questions  about  a  fluid  amplifier  element  come  to  mind  immediately. 

Is  it  digital  or  analog  in  nature?  Is  it  a  beam  deflector  type  element  or  a 
vortex  elfniciil?  Is  it  active  or  passive?  These  questions  can  be  answered 
quite  simply  in  schematic  form.  Our  usage  has  been  to  denote  the  flow  path 
of  the  paver  jot  of  an  analog  valve  with  a  dashed  line  whereas  a  digital  ele¬ 
ment  IS  represented  with  aolid  lines  throughout.  Figure  1  shows  this  usage 
applied  to  simple  beam  deflector  amplifiers.  The  use  of  the  enclosing 
circle  around  the  element  has  been  optional  with  us.  In  simpler  schematics 
it  is  not  used,  while  in  in<>rc  complicated  ones  it  makes  the  element  stand 
out  from  the  connecting  lines.  The  input  and  output  lines  of  the  elements 
a[ip-.Tr  in  th*-  schematic  at  th»  •’•'me  points  where  they  normally  would  on 
the  actual  element,  as  pointed  out  in  Figure  1.  Figure  2  shows  the  symbols 
used  for  vortex  amplifiers  which  rnay  also  be  digital  or  analog  in  form. 

As  shown  in  Fi*nire  3,  the  designation  as  to  whether  a  valve  is  active  or 
passive  is  done  by  means  of  a  solid  circle  at  the  base  of  tie  power  nozzle 
line  to  indicate  that  this  line  is  connected  to  the  circuit  supply  pressure. 

If  more  than  one  pressure  supply  level  is  used  in  a  circuit,  a  letter  or 
number  code  can  be  used  to  differentiatn  between  t.ho«e  used. 

SCHEMATICS  FOR  ANALOG  DEVICES 

The  basic  form  of  analog  valve  symbols  are  given  in  Figures  1  (b)  and 
2  (b),  where  the  main  distinguishing  feature  is  the  dashed  line  to  represent 
the  flow  path  of  the  power  jet.  The  possible  variations  of  these  basic 
representations  are  so  numerous  that  they  can  not  be  covered  completely 
in  this  paper.  However,  one  ohort-hand  representation  believed  worth 
mentioning  is  that  of  the  operational  amplifier.  Figure  4  (a)  shciwc  an  arbi¬ 
trary  examni**  of  a  schematic  for  a  high  gain  four  stage  operational  ampli¬ 
fier.  The  outputs  in  this  example  will  be  a  function  of  the  difference  between 
input  A  and  input  B,  the  function  depending  on  the  feedback  impedances  Zj 
and  Z2  ^hich  provide  in  this  instance  negative  and  positive  feedback,  re¬ 
spectively.  Figure  4  (b)  shows  the  short  hand  symbol  for  the  same  circuit. 

In  this  symbol  the  asterisk  is  used  to  indicate  the  sense  or  polarity.  For 
example,  in  Figure  4(b)  this  notation  indicates  an  increase  in  input  A  results 
in  an  increase  in  output  C  to  correspond  with  the  circuit  in  .Figure  4(a).  If  an 
odd  number  of  stajes  were  used  the  asterisk  would,  of  course,  appear  behind 
D. 
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This  coiiveniion  permits  the  schematic  to  have  close  correspomience  with 
the  physica)  circuit  iayuut. 

SCHEMATICS  FOR  DIGITAL  DEVICES 


The  schematic  for  a  basic  flip-flop,  shown  in  Figure  5,  is  quite  simiiar 
to  the  physical  layout  of  the  device  An  input  of  A  will  cause  an  output  at  D 
and  an  input  at  B  will  switch  the  flow  to  C.  The  symbol  for  a  fluid  source 
indicates  that  the  flip-fljp  in  the  example  is  an  active  device.  The  schema¬ 
tic  for  the  binary  flip-flop,  such  as  the  counter  stage  developed  by  R.  W. 
Warren  at  DOFL,  is  shown  in  Figure  6.  Input  pulses  at  A  switch  the  flow 
alternatoiy  to  uutpatb  C  and  D.  A  re-set  signal  pulse  applied  at  the  RS 
input  will  switch  the  second  stage  jet  to  output  D.  The  schematic  indicates 
the  second  stage  of  the  binary  flip-flop  to  be  an  active  device. 


The  schematic  for  an  active  or-nor  element  is  snowii  lu  f  igure  t  (a).  In- 


*  1  .  - .  r  ? .  1 1. 


function.  With  no  input  signal  the  output  is  at  A,  performing  the  "nor" 
function.  Using  conventional  logic  notation  the  element  is  identified  as  an 
or-nor  by  including  the  +  sign..  The  choice  of  three  inpulu  for  the  example 
in  Figure  7  (a)  was  arbitrary;  an  "n"  input  element  would  be  shown  schema 
tically  with  "n"  input  lines.  Figure  7  (b)  shows  a  passive  "or"  element. 


Figure  8  shows  the  schematic  for  the  active  and  passive  "and"  elements. 
Using  standard  logic  notation  for  an  "and",  the  function  of  the  element  is 
identified  by  a  dot.  An  output  at  B  will  occur  only  when  inputs  C  and  D 
and  E  all  are  present. 

The  "half  adder"  or  "exclusive  or"  schematic  is  shown  in  Figure  9.  An 
input  at  either  C  or  at  D,  but  not  both  simultaneously,  will  provide  an  out¬ 
put  at  B  while  simultaneous  inputs  at  C  and  D  provide  an  output  at  A  The 
half  adder  can  also  be  used  as  a  two  input  "and"  element.  This  schematic 
follows  closely  the  general  physical  layout  of  one  form  of  a  half  adder  now 
i'l  use.  Although  half  adders  quite  different  from  that  shown  in  the  schematic 
have  been  devised,  this  schematic  was  chosen  because  it  is  believed  to 
represent  simply  and  clearly  the  functioning  of  the  half  adder  element. 

MEMORY  AND  BIASING 


Some  devices  have  memory  and  tius  can  operate  with  input  "ignals  in 
pulse  form  v/hile  others  require  a  continuous  input  signal  for  operation. 
This  difference  in  operating  characteristics  is  delineated  on  the  schematics 
as  illustrated  in  Figure  10.  The  arrowheads  on  the  input  lines  indicate  that 
a  continual  flow  is  required  to  maintain  the  state  of  the  element.  Note  that 
in  Figures  7,  8,  and  9  this  notation  was  \ised  to  indicate  steady  state  inputs 
are  required  to  provide  the  desired  performance. 
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Bias  signiils  ar<-  u.'.'tcn  usod  to  pruvido  desired  rharacterisiics .  Fig.  11 
Llluslrates  how  a  bias  signal  would  be  repr»'sented  scliernalioally  on  a  flip- 
flop  and  an  "or’’  t  ieinent.  If  an  "and”  or  "or"  element  is  shown  without  the 
biasing  input  line  tlien  it  is  implied  to  be  geometrically  biasc'd. 

OTHER  CIRCUIT  ELEMENTS 


A  fluid  circuit  would  not  be  complete  v/ithout  the  many  passive  impedance 
elements  sueh  as  orifices  or  restrictions  and  w’ithout  showing  connections 
such  as  vents  or  drains.  To  do  this  wi>  have  drawn  heavily  on  jlC  practice 
where  pr.aciical. 


Figure  12  (a)  shows  the  general  synibol  for  impedance.  Figure  12  (b) 
shows  the  r ?prc-s>.  ritatloii  for  an  ofifice  which  would  obey  a  square -law  re¬ 
lationship  if  an  i>icompressible  fluid  is  used.  (No  attempt  is  made  here 
to  differentiate  between  a  choked  and  unchoked  flow  if  the  fluid  is  compres- 
c iw  1  '  ^*^i*^*-»**  1m  {cj  jr^prccci^tc  ci  cticn  *tV*«c2rc  pi’cccui'c  clircp 

varies  linearly  with  flow  and  where  fri<  lion  effects  predominate  over  in¬ 
ertial  effects,  f  igure  1?  (<■),  m  chov.::  f'ui;'.  ir.'iur.t" r.co  v  hero  •>ertia! 

effects  prcdoiriinate  over  friction.  A  relatively  pure;  fluid  inductance  is 
found  primarily  in  liquid  circuits. 


Figure  12  (e)  shows  the  symbol  for  a  fluid  capacitor  which,  in  some  in¬ 
stances,  is  analogous  to  an  electrical  capacitoi  .  A  fluid  capacitor  consir  ts 
of  a  fixeil  volumi'  if  the  fluid  is  compressible,  or  a  hydraulic  accumulator 
or  equivalent  for  an  incompressibl*-  fluid,  In  drawing  an  electrical  analogy, 
where  voltage  and  current  arc  anal ogoiis  to  pressure  and  flow,  respectively, 
a  fluid  capacitor  such  as  the  volume  or  accumulator  can  only  be  the  equiva¬ 
lent  to  shunt  capacitance  from  the  point  in  question  to  ground.  It  is  never 
the  equivalent  of  a  blocking  capacitor.  The  equivalent  of  blocking  capacitors 
must  be  obtained  by  using  other  devices. 

Figure  12  (f)  shows  the  symbol  for  a  fluid  delay  line  which  has  the  charac¬ 
teristic  of  providing  a  pure  time  delay  in  the  signal  transmitted  with  a  mini¬ 
mum  ot  attenuation. 


Figures  13  (a)  and  13  (b)  show  that  crossing  and  connecting  lines  follow  a 
practice  identical  to  JIC  hydraulic  practice  as  well  as  some  electrical  stan¬ 
dards  . 


Vent  connections  are  shown  in  Figure  13  (c)  and  should  be  used  in  any 
open  cycle  circuit  where  the  excess  fluid  is  merely  vented  to  atmosphere  or 
diained  off. 

If  a  closed  cycle  circuit  is  used,  the  excess  and  exhaust  fluid  must  be 
returned  to  the  reservoir.  To  decrease  the  number  of  lines  in  the  schematic, 
it  is  recommended  that  the  JIC  symbol  of  Fig'irc  13  (e)  be  adopted. 
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USE  OV  SCHEMATICS  --  EXAMPLE 


Figure'  14  is  a  hypothetical  exatiijjle  of  the  use  (>(  the  above  symbols.  In 
this  circuit,  a  multivibrator  drives  a  power  flip-flop  through  an  "or"  gate  oti 
the  fourth  actuator  stroke.  When  the  "or"  gate  opens,  the  actuator  is  held 
in  th  ■  down  position  until  a  re-set  signal  reactivates  the  circuit. 

CONCLUSIONS 

The  schematic  representations  presented  above  are  not  claimed  to  be 
complete  or  adequate  for  every  situation.  Modifications,  changes  and  re¬ 
visions  will  be  necessary  in  order  to  evolve  a  convenient  and  universal 
sysle-m.  It  i.s  hel  i«:veil,  tiowever,  that  the  repre.s»*nfations  siiggented  above 
can  serve  as  a  basis  for  initiating  standardi/.ation . 

Further  it  is  recommended  that  work  be  initiated  now  on  standardizing 
the  performance  parameters  and  the  presentation  of  their  characteristics. 

The  goal  ••  fhi'  •  ffurt  w^uld  be  data  for  elements  presented  in  a  fashion 
sintilar  to  electron  tube  or  transistor  characteristics.  For  example, 
normalized  pressure -flow  curves  for  the  output  of  an  i  lement  Vv.>uld  be  quite 
usi-lul  in  di-termining  optimum  «izes  for  staging  and  circuit  work.  Further¬ 
more  from  the  fio-.v  auU  pressure  recovery  values  shown  by  these  curves, 
the  efficiency  of  the  clement  can  be  deduced.  These  output  characteristics 
are  used,  in  addition  to  gain  characteristics,  because  usable  output  signal 
level  is  an  important  paranu  ter  in  any  circuit  design.  High  gain  is  cer¬ 
tainly  desirable  but  a  ira«ie-ofi  often  must  b;.  made  b"'wpon  gam  and  output 
power  or  pressure  recovc'ry  for  a  pr.uctical  application.  A  standard  format 
such  as  this  for  presentation  of  these  kinds  of  data  will  minimize  the  language 
barrier  and  will  provide  better  and  >  arlier  interchanges  of  information.  Also, 
standards  will  eyentuaily  be  needl'd  for  element  dr«ign?*tion«i  along  the  •ame 
lines  now  used  for  iTectrou  tubes  and  transistors. 

In  conclusion,  it  is  believed  timely  to  initiate  standardization  in  this  new 
field.  The  schematic  representations  suggested  above  cannot  fit  every 
situation  but  are  believed  adequate  for  most  pure  iluid  amplifier  elements 
prebently  being  developed.  It  would  be  quite  satisfying  to  the  writers  if 
representations  suggested  above  result  only  in  the  impetus  to  initiate  work 
on  more  complete  and  thorough  schematic  representation. 
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ENCLOSING 
CIRCLE  OPTIONAL 


AMPLIFIER  AMPLIFIER 


Figure  1.  Beam  deflector  amplifiers. 


DIGITAL  ANALOG 

Figure  2.  Vortex  amplifiers. 


PASSIVE 


INDICATES  "B+" 
PRESSURE 
SUPPLY 


(b) 

ACTIVE 


Figure  3.  Designation  of  active  vs  passive 
elements. 
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Figure  4a.  Schematic  of  4  stage  operational 
amplifier. 


Figure  4b.  Simplified  diagram  for  operational 
amplifier. 
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(a) 
ACTIVE 
OR-NOR 


Figure  7. 


A  B 


(o) 

ACTIVE 


(b) 

PASSIVE 

“OR" 


"OR"  logic  elements. 


(b) 
PASSIVE 


Figure  8.  "AND"  logic  element. 


P’lgure  9. 

tialf-adilor,  exclusive  or. 

A7\ 

1  Y  ) 

/VA 

1  .Y.  ) 

viy 

(u) 

(b) 

MEMORY 

NO  MEMORY 

igurc  10.  Fill). 

-flops  \vith  and  without  memo 

(a)  (b)  (c) 

BIASED  FLIP-FLOP  "OR”-SIGNAL  BIASED  "OR'- 


GEOMETRICALLY 

BIASED 


Figure  11.  Representation  ol  biasing  signals. 
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la)  GENERAL  IMPEDANCE 


(b)  ORIFICE 


(ci  CAPILLARY  (di  INDUCTANCE 

(LAMINAR)  RESTRICTION 


le)  VOLUME  OR  ACCUMULATOR  (f)  DELAY  LINE 

Figure  12.  Symbols  for  line  impedances. 


(a)  CROSSING  LINES  (b)  CONNECTING  LINES 

V 

- V 

(c)  VENT  CONNECTION  (d)  EXAMPLE  OF  VENT 


ie)  RETURN  TO  RESERVOIR  (f)  EXAMPLE  OF 

RESERVOIR  RETURN 

Figure  13.  Symbols  for  connections. 
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Figure  14.  Exaiiiple  circuit, 


A  TECHNIQUE  FOR  ETCHING  PURE  FLUID  COMPONENTS 
APPLIED  TO  THE  DESIGN  OF  A  SHH’T  REGISTER 

by 

Edwin  M.  IDexter 
ot 

Bowles  Enyineering  Corporation 


INTROOTICTION 

In  the  breadboarding  and  subsequent  testing  as  well  as  in  quality  con¬ 
trol  ot  Pure  Fluid  circuits  it  is  desirable  to  have  available  a  simple  quick 
method  o'  e''**Hiating  the  performance  of  elements  in  a  circuit.  An  example 
of  the  I  roblem  is  the  shift  register  a  section  of  which  is  shown  in  silhouette 
in  Figure  1 . 

in  this  f  iQurc  secUuii  of  the  Shift  register  shown  comprises  three 
MEMORY  units  and  two  AND  gates.  Initially  this  circuit  was  assembled  from 
individual  breadboard  units  connected  with  tubing.  It  was  desired  to  determine 
if  the  output  from  the  MEMORY  unit  was  sufficient  to  operate  the  AND  gate  and 
subsequently  if  the  AND  gate  output  was  sufficient  to  operate  the  MEMORY 
element.  In  addition  it  was  desired  to  provide  a  reference  for  testing  individual 
elements  before  assembly.  Later  it  was  necessaiy  to  probe  the  circuit  to 
locate  the  source  of  problems. 

In  each  of  these  cases  it  is  necessary  to  know  what  to  expect  from 
the  performance  of  each  element,  also  it  is  desirable  to  limit  the  test  to  a 
pressure  measurement  as  this  is  usually  the  easiest  to  perform. 

It  is  the  objective  of  this  discussion  to  describe  an  approximate 
scheme  *which  has  proven  useful  in  evaluating  the  matching  possibilities  of 
un«ts,  quality  control,  and  circuit  testing.  The  first  assumption  was  that  a 
considerable  safety  factor  is  desired  with  digital  elements,  i.e.,  it  is  desired 
to  somewhat  more  pressure  available  to  flip  a  unit  than  required.  Second¬ 
ly,  allowance  must  be  provided  for  the  differences  between  elements  to  be 
encountered  in  practice.  Perhaps  it  will  be  said  that  these  methods  are 
restricted  to  a  particular  family  of  elements  and  this  is  true.  However,  it 
appears  that  the  resulting  family  chosen  may  have  distinct  advantages.  Under 
these  conditions  the  method  to  be  outlined  lends  rone  facility  to  the  descrip¬ 
tion  of  units  and  is  an  aid  in  quick  evaluation  of  matching  for  steady  state 
operation.  The  shift  register  circuit  is  used  as  an  example  to  describe  this 
technique . 
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SHIFT  RFCISTFR  OPRRA.TIOM 


Figure  1  is  a  silhouerte  of  the  pneumatic  shift  register  showing  three 
MEMORY  units  unci  twu  AND  gates.  The  center  MEMORY'  unit  is  the  intermediate 
storage.  The  AND  units  are  referred  to  as  'D-VIN-AND  because  they,  in  a  sense, 
are  a  combination  of  two  AND  gates.  Supply  pressure  P+  is  applied  to  all 
three  of  the  MEMORY  units  continuously.  A  "bit"  of  information  is  placed  in 
.ho  first  MEMORY  unit  by  applying  a  pulse  of  pressure  to  either  control,  for 
example,  a-.  The  MEMORY  unit  will  fio'w  be  switched  to  the  right  output  leg, 
b-t-.  The  piessure  in  the  left  output  leg  will  be  negligible,  and  can  be  positii'e 
or  negative  depending  or  the  element  design.  The  flow  resulting  from  the 
nrpQcnr^  h4  will  nn  to  M  loft  of  th0  r^-'COiVGfS  into  tho  l*3rQ0  CPSH  STG;!  Which 
is  vented.  Now,  if  a  pressure  pulse  of  the  proper  magnitude  is  applied  at 
the  center  control,  Tj^,  of  the  first  TWIN-AND,  the  combined  momentums  of 
the  tv<o  siieams  will  be  directed  toward  its  left  receiver,  raising  the  pressure 
at  C-.  One  objective  of  the  graphic  analysis  ia  to  determine  if  tlie  recovered 
pressure  at  c-  w-ill  be  enough  to  flip  the  second  memory  unit.  In  addition, 
it  is  desired  to  show  that  this  technique  can  be  applied  to  systems  of  other 
elements  that  are  within  the  family  of  performance  characteristics  sciected. 

ADMITTANCE 


The  basis  for  this  technique  is  in  approximating  the  steady  state  con¬ 
trol  input  admittance  of  elements  with  an  equivalent  orifice  which  performs  in 
the  manner  of  the  hydraulic  square  law;  Q  =  This  is  a  reasonably  valid 

assumption  but  is  an  appro-ximation.  Pressure  flow  tests  of  passages  and 
orifices  of  the  types  expected  in  pure  fluid  circuits  show  that  the  relation  Is 
surprisingly  oftt-n  Q  -  KP*®^.  We  have  found  it  convenient  to  use  units  wheie 
0  is  the  flow  in  inches^  per  second  and  pressure  is  psig.  If  a  value  of  K  is 
determined  within  the  pressure  region  to  be  used  the  assumption  of  a  hydraulic 
square  law  performance  does  not  lead  to  excessive  error.  Under  these  condi¬ 
tions  the  ratio  of  Q^/P  remains  constant  and  can  be  used  as  an  admittance. 
Since  the  nominal  pressure  is  often  1  pslg  the  arimittnnre  Q^/P  under  this 
condition  Is  numerically  equivalent  to  Q^,  for  example,  an  orifice  with  an 
admittance  of  9  passes  3  in^  per  second  at  a  pressure  drop  of  1  psi. 

The  pies  sure  flow  relationships  for  the  control  inputs  of  elements  have 
a  wide  variety,  some  arc  quite  linear  while  others  conform  closely  to  the 
orifice  characteristic.  Figure  2  shows  the  control  Input  pressure-flow  relation¬ 
ship  for  three  different  elements;  a  COUNTER,  a  MEMORY,  and  an  OR.  The 
input  relationships  for  ♦he  OR  element  are  given  for  two  load  conditions.  In 
addition  the  dashed  lines  show  the  performance  of  orifices  that  have  corres¬ 
ponding  admittances  in  the  important  ranges  of  operation. 
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The  dots  bliown  nre  the  points  at  which  the  clement  chdiiues  state.  For 
the  FLIP-FLOP,  for  example,  the  pros.sure  and  flow  is  increased  to  .09  psi  at 
.7  in^  per  second  to  effect  flipping.  The  upper  pair  of  curves  represent  the 
control  input  character islics  before  and  after  flipping  for  an  OR  clement  that  is 
driving  ariothv.r  OR  clement.  The  orcssure  and  flow  are  increased  to  .22  psig 
and  .7  in-^  per  second  to  effect  flipping  and  following  this  the  input  character¬ 
istic  is  given  by  the  upper  curve.  Reducing  the  pressure  and  flow  to  .2  psig 
and  .5  in^  pr^r  secon  i  allows  the  unit  to  reset. 

It  is  seen  that  the  OOIiMfF.R  inruit  rhararterlstic  Is  exactly  that  of  an 
orifice  with  an  admittance  of  fc.2.  The  FLIP-FLOP  or  MEMORY  element  can 
also  be  appro.  Imatcd  by  an  admittance  of  G. 2  at  the  point  v/here  flipping  Is 
expected.  The  OR  uni.  deviates  from  tlie  orifice  considerably  but  can  be 
approximated  by  adnittances  of  2.2  or  2.9  respectively  for  the  load  conditions 

given  aiiu  a.L  Llie  points  of  flip  and  ie'et. 


It  IS  noted  liiat  describing  an  input  characteristic  with  an  orifice  is 
limited  to  elements  that  have  positive  values  of  pressure  and  flow  in  the  con¬ 
trol  region,  it  appears  likely  that  most  elements  will  perform  in  this  manner. 

ELEMENT  PERFORMANCE 


Since  it  appears  possible  to  represent  input  characteristics  with 
equivalent  orifices  and  as  the  input  characteristics  are  loads  to  the  preceding 
elements  It  Is  possible  to  evaluate  the  performance  of  elements  on  the  basis 
of  orifice  load  tests. 


Memory 

In  the  shift  register  circuit  of  Figure  1  it  is  seen  that  the  MEMORY 
element  output  loads  arc  equal  on  each  leg  and  only  one  input  control  is 
pressurized,  the  other  is  vented.  The  lest  data  for  a  MEMORY  element  with 
equal  orifice  loads  and  one  control  vented  is  shown  in  Figure  3.  The  output 
pressures  and  the  input  control  pressure  and  flow  are  plotted  as  a  function 
of  the  load  admittance.  It  is  seen  that  the  control  admittance  with  a  load 
admitt.-!iu;f'  iiptwppn  10  and  80  averages  about  6  (Oc^/Pc)* 

Twin -And 

A  similar  characteristic  performancr^  is  given  for  the  TWIN-AND  in 
Figure  4.  In  addition  and  because  it  has  an  analog  characleristic  it  is 
neces.sary  to  add  the  results  of  test  with  various  control  pressures.  Figure  4 
is  the  result  of  this  test  with  control  pressures  of  0.5,  1.0,  1.5,  and  2  psi. 
Since  the  unit  is  analog,  the  control  pressure  can  be  interpreted  as  a  differen¬ 
tial  control  pressure  as  well. 
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It  can  be  seen  from  the  curves  of  Figure  4  that  the  maximum  output  is 
obtained  when  the  ratio  cf  control  to  center  inlet  pre;ssure  is  1,5/5  or  0.3,  but 
this  is  not  a  requirement  for  its  use.  A  test  of  the  input  admittance  of  the 
TWIN-AND  shows  that  it  is  about  20  ln®/lb-sec^. 

MATCHING 


From  this  data  it  is  possible  to  determine  the  steady  state  matching 
capability  of  the  MEMORY  element  and  the  T^'IN-AND.  Referring  to  the  shift 
register  circuit  of  Figure  ]. ,  a  MEMORY  element  with  a  load  admittance  of  20 
has  d  uilleieiitiiii  output  pressure  of  about  .9  psi  and  requires  a  pressure  to 
flip  of  about  .6  psig.  In  this  range  of  load  it  has  a  control  input  admittance 
of  about  6 . 

The  TWIN -AND  with  this  load  admittance,  6,  and  a  differential  control 
pressure,  of  .9  psi  has  an  output  pressure  of  about  .9  psi.  This  output 
is  .3  psi  greater  than  the  necessary  .6  psi  for  flipping  the  MEMORY  element. 

GUIviivlARY 

From  this  it  can  be  seen  that  the  admittance  characteristics,  oVp,  can 
be  used  to  select  elements  to  perform  a  desired  function  as  well  as  to  establish 
the  exported  performance  of  elements  in  a  circuit  during  tr'uuble-shootlng . 

Tests  for  quality  control  purposes  can  also  be  made  effectively  with  this 
method  to  check  performance  at  specific  operating  conditions .  Experience 
to  date  indicates  this  techniq’re  to  be  satisfactory  and  extremely  useful. 
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Fig.  I  SHIFT  nEGISTER 
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ABSTRACT 


Current  achievements  in  attaining  high  reliability  for  electronic  compo¬ 
nents  are  compared  to  the  predicted  reliability  of  pure  fluid  amplifiers.  Fig¬ 
ures  for  electronic  components  ere  presented  far  various  environmental  regimes 
'^ich  may  be  encountered  in  industrial,  field,  and  aero-soace  aoplicaticns . 

Due  to  the  lack  of  statistical  data  on  pure  fluid  devices^  the  predicted 
reliability  results  from  certain  assumptions.  The  assumptions  are  discussed. 
Reliability  of  pure  fluid  amplifiers  under  severe  conditions  of  temperature, 
vibration,  shock  and  radiation  is  predicted. 

fhe  results  of  the  uumparlsons  of  the  reliability  of  electrcnlc  components 
and  pure  fluid  amplifiers  are  applied  to  a  typical  system  problesi.  Predicted 
system  failure  rates  are  given  for  both  electronic  and  fluid  systems. 


I.  INTRODUCTION 

There  is  much  interest  today  in  the  design  and  fabrication  of  control  and 
computer  systems  which  have  an  inherent  high  reliability*  The  difficulty  of 
Miairitaining  the  somewhat  Oidlnaiy  ruilitsiy  fivlu  weapori  systtriu  Is  •  seriuus 
problem  requiring  the  careful  consideration  of  industry.  An  even  more  diffi¬ 
cult  problem  is  involved  in  the  maintenance  of  an  orbiting  control  or  computer 
system.  These  problems  can  be  lessened  or  received  by  the  use  of  sufficiently 
reliable  equipment. 

To  find  and  utilize  suitable  control  and  computer  system  components  is  a 
goal  worth  achieving.  It  is  to  this  end  that  many  corporate  and  government 
projects  are  being  directed.  Does  the  pure  fluid  component  provide  the  degree 
of  reliability  which  is  necessary  to  enable  the  engineers  of  both  government 
and  industry  to  design  and  fabricate  control  and  compuler  systems  tr  meet 
today's  requirements  in  field,  air  and  space?  To  this  question  this  paper  is 
addressed. 

It  is  not  the  intent  of  this  presentation  to  explore  the  more  mundane  fac¬ 
tors  involved  in  the  use  of  pure  fluid  logic  devices,  such  as,  do  they  function 
properly  in  circuits.  It  would  be  surprising  indeed  if  the  ingenuity  of  Amer- 
icaii  scientists  had  not  at  least  partially  resolved  this  problem*  Neither  is 
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it  the  purpose  of  this  paper  to  define  ail  areas  of  apnlicatioii  of  pure  fluid 
systems.  This  pioblem  vye  leave  to  others. 

hluid  devices  are  slower  than  electronic  devices.  Nevertheless,  it  must 
be  mutua'ly  recognized  that  there  are  control  and  computer  system  recjoirement* 
which  are  sufficiently  time-wise  unrestricted  that  pure  fluid  logic  devices 
will  suffice.  Similarly,  it  is  recognized  that  there  are  system  requirements 
for  high  soeed  data  processing  which  the  pure  fluid  system  will  never  meet. 

The  gray  area  between  these  extreme;  of  low  speed  black  and  high  speed  white, 
is  left  to  present  and  future  fluid  system  designers. 

For  those  agreed  upon  areas  of  application  (the  area  of  relatively  low 
speed  applications)  this  paper  will  compare  the  reliability  of  pure  fluid  logic 
devIcPK  with  the  present  state  of  the  art  of  reliability  of  similarly  function¬ 
ing  electronic  devices.  Mnile  there  it  probably  no  reliability  engineer  who 
win  admit  to  having  sufficient  data  for  his  needs,  even  In  the  electronic 
field,  at  least  there  exists  a  body  of  electronic  experience  and  data  upon 
which  to  case  quite  accurate  reliability  Infonr.ation. 

ALcuiiice  leliduixity  intormation  in  pure  fluid  devices  it  al.sott  non¬ 
existent.  It  is  the  problem  of  this  paper  tu  indicate  the  means  whereby  expe¬ 
rience  in  the  use  of  various  materials  under  various  environmental  regimes  can 
be  used  to  predict  the  reliability  of  a  group  of  pure  fluid  devices.  It  has 
been  the  author's  intent  to  be  conservative  in  the  determination  of  predicted 
reliability  figures  so  as  to  circumvent  the  apriori  determination  of  a  con- 
ociously  dasired  high  figure.  To  prevent  enthusiasm  for  pure  fluid 

systems  from  Influencing  the  predicted  reliability  of  pure  fluid  devices,  the 
assumptions  made  and  the  method  used  to  arrive  at  predicted  reliability  Hg-jres 
will  be  carefully  presented. 


II.  CURRENT  ACHIEVEMENT  IN  RELIABILITY  FOR  ELECTRONICS 


Out  of  the  hoard  of  books  and  papers  relating  to  ul«c ironic  component 
reliability,  one  has  been  selected  to  represent  the  currant  state  of  the  art. 

By  the  selection  of  one  listing,  at  least  some  degree  of  selfconsistcncy  In 
reliability  data  is  achieved.  The  publication  which  has  been  selected  Is 
Earles  and  Eddins,  "Reliability 'Engineering  Data  Series  -  Failure  Rates'*. 

From  this  publication  will  h«  extracted  ?ii  the  necessary  reliability  infor¬ 
mation  for  our  electronic  circuitry. 

To  establish  a  reliability  figure  for  an  electronic  flip-flop,  a  selected 
circuit  of  transistors,  diodes,  resistors  and  appropriate  connectlona  is  chosen. 
To  establish  one  of  the  "best"  reliability  figures  for  electronic  devices,  the 
"best"  data  is  selected  from  the  list  of  failure  rates  of  the  best  components. 
The  following  list  will  give  the  basic  failure  data  to  be  used: 


Component 


Electronic  Reliability  Data 

Failure  Rate  (per  10^  hrs)* 


Transistors,  silicon 

Diodts 

Rasistors 

Connections,  per  pin  or  per  Joint 


0.01  failures  per  10  ,brs. 
0.001  failures  per  10^  hrs. 
0.000  failures  per  10®  hra. 
0.0001  failures  par  10°  hra. 
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These  figures  combine  both  the  generic  failure  rate  (uF^)  with  an 
application  factor  (K^)« 

The  basic  electronic  circuitry  which  is  considered  for  obtaining  a  reli¬ 
ability  figure  is: 

1*  An  R  S  Flip  -  Flop  (2  active^  8  passive  elements)  (Figure  1) 

2.  A  a  Input  NOR  gate  (1  active,  6  passive  elements)  (Figure  2) 

Using  the  failure  rate  figures  for  the  electronic  components  given  above, 
a  figure  of  merit  can  be  detemlned  for  the  electronic  flip-flop  and  the  four 
input  NOR  gate  as  follcwsi 


Reliability  Calculations 


Pt  ^ 

«  *  4  Awp 

Failures  per  10^  nrs. 

2  transistors 

.02 

8  resistors 

.04 

20  solder  Joints 

,002 

.062 

J  as^Th 

«»3XU 

Failures  per  10^  hra. 

1  transistor  .01 

6  resistors  .03 

14  solder  Joints  .0014 

0.04)4 

* 

Note  that  these  figures  combine  the  generic  failure  rate  (QF.) 
with  an  application  factor  (K^)* 

A  figure  of  merit  (in  terms  of  failures  per  million  hours  of  operation) 
for  simple  electronic  circuits  has  now  been  established.  The  failure  rates 

have  been  selected  from  the  lower  limits  of  the  available  data.  It  can,  there¬ 
fore,  be  expected  that  the  circuits  generated  are  extreawly  reliable  from 
today's  state  of  the  electronic  art.  (It  might  be  mentioned  that  this  flip- 
flop  very  favorably  with  Mlnuteman  circuitry). 


III.  RELIABILITY  FACTORS  FOR  ELECTRONIC  EQUIPMENT 
FOR  VARIOUS  ENVIRONMENTAL  REGIMES 

By  sNlclng  use  of  the  data  coairll4<i  ^  Earles  and  Eddlns,  figures  are  deter¬ 
mined  «4)ich  Indicate  the  amount  of  increase  in  failure  rates  which  is  caused  by 
operating  electronic  equipment  in  other  than  laboratory  type  environments. 

It  is  known  by  experience  and  data  that  if  electronic  circuitry  is  oper¬ 
ated  in  envirorments  having  Increased  teipperatures  that  the  reliability  is  less. 
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Si'nllarly,  if  circuits  are  operdted  in  low  teinperatures ,  increased  failure  rates 
are  experienced.  Similar  results  die  observed  for  radldtlon  environments  and 
for  vibration  or  shock  environments. 

Table  I  presents  factors  which  can  be  used  in  conjunction  with  failure 
rate  data  to  express  the  increased  failures  to  be  expected  by  operating  in 
various  environments. 


TABLE  I. 

EQUIPMENT  USAGE  FACTORS 


0  ° 

Circuit  cab  Conditions  lemp  of  -t-lbO  C  Temp  of  -T'O  C  Missile  Vxbretioii 


Flip-Flop 

1 

10 

5 

900 

H- input  viyjn  Gdte 

1 

10 

r 

Radiation  Environments.  The  data  relating  to  degradation  of  electronic 


trfUlllpV/llCMWd  OIIM  blic^r 


difficult  to  use.  The  problem  is  that  the  duration  and  intensity  of  the  radi¬ 
ation  must  be  known}  the  spectrum  of  the  radiation  must  be  specified}  -ind  the 
particular  components  must  be  specified,  By  this  time  it  would  probably  be 
nccessdi/  lo  run  an  actual  test  to  come  up  with  the  factor  we  need.  For  the 
purpose  of  this  paper  engineers  of  the  reliability  department  have  made  the 
following  determinations  (best  technical  Judgements)  of  radiation  failure 
factors  I 


IISAGF  FArlnB  -  RADTATlnN 


Radiation  Type  Factor  Indicating 

Increased  Failure  Rates 


Partially  shielded  Control  System 
for  Nuclear  Reactor 

1000 

Vicinity  of  Atomic  Blast 
(5  miles  from  20  megaton) 

100 

Solar  Flare  in  Cislunar  Space. 

10 

Cislunar  Space 

2 

For  the  purpotees  of  this  paper,  a  90->day  period  of  operation  in  these 
environments  is  assumed-,  except  that  only  one  nuclear  blast  or  one  solar  flare 
is  considered. 

lo  make  uje  of  these  failure  rate  factors,  multiply  the  failure  rate  for 
the  flip-flop  or  NOR  gate  circuit  by  the  a}}propriate  factor*  The  resulting 
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product  is  th*  new  failure  rate  per  10  hours  to  be  expected  in  these  environ¬ 
ments. 


IV.  PRdlCTED  RELIABILITY  FOR  PURE  FLUID  DEVICES 

a.  The  Approach 

Within  the  next  few  months  there  will  be  papers  and  data  published  which 
will  start  the  accumulation  of  reliability  data  on  pure  fluid  componenlti  sys¬ 
tems,  and  assnrlat.ed  eouipment.  Today*  however*  there  is  not  sufficient  avail¬ 
able  data  from  which  to  extract  failure  rate  information.  This  lack  of  data  is 
not  a  new  problem  for  reliability  analysis} and  a  means  of  predicting  reliability 
sr.  as  to  obtain  useful  preliminary  nstinates  does  exist. 

It  will  be  the  "piece  de  resistance”  of  this  paper  to  demonstrate  that  by 
a  series  of  logical  consldaritions  useful  predicted  reliability  figures  of 
merit  For  pure  fluid  comnoneuts  can  be  ubtained. 

Briefly*  the  approach  will  be  to  carefully  define  the  modes  of  failure 
which  are  expected  to  occur.  To  do  this*  some  reasonable  assumptione  as  lu 
the  methods  of  fabrication  and  tusting  of  pure  fluid  devices  must  be  made. 

This  process  involves  certain  assumptions  wfilch  will  be  carefully  stated.  Then* 
using  the  wealth  of  experience  in  producing  similar  items*  we  shall  extrapolate 
from  the  known  to  this  new  fieio.  It  should  be  eiriphasized  that  in  using  this 
technique  of  predicting  reliability*  this  paper  will  present  the  conservative 
approach.  In  other  words,  it  is  to  be  expected  that  the  predicted  figures  for 
failure  rates  must  be  interpreted  to  meani  "We  have  great  confidence  that  we 
can  do  at  least  this  good  with  today's  state  of  the  art  of  fabrication  and 
testing". 

Should  it  turn  out  that  the  conservative  figures  of  merit  for  pure  fluid 
devices  and  systems  are  superior  to  the  optimistic  figures  of  merit  for  elec¬ 
tronics*  iKbN*  w«  can  oe  confident  that  the  pure  fluid  devices  are  indatd  a 
possible  answer  to  the  reliability  problem.  However*  should  it  be  shown  that 
the  pure  fluid  devices  are  not  better  than  lha  electronic  devices*  tlien*  it 
will  be  necessary  to  taka  a  better  look  at  the  pure  fluid  devicea  by  appeal  to 
actual  test  data  before  these  devices  are  hailed  at  being  ultra-high-reliability 
elements. 

b.  Assumptions 

The  following  assumptions  will  define  the  approach  to  the  problem  of  pre¬ 
dicting  failure  rates  for  pure  fluid  components.  The  assumptions  ar-  re'^ted 
to  the  mann-r  in  which  the  components  are  to  be  fabricated  and  used.  As  r. 
basis  for  all  of  these  assumptions*  today's  stats  of  the  art  in  methods  of 
fabrication*  Inspection  and  test  will  be  used. 

1.  It  is  assumed  that  the  size  of  each  component  is  such  that  it  will 
occupy  no  more  than  1/2  cu.  inch  of  volume*  including  interconnections 
and  packaging. 

2*  It  is  assuowd  that  the  pure  fluid  components  will  be  fabricated  into 
a  shaft  q£  material  such  that  all  components  and  interconnections 
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i«ill  bs  fal'ricated  Into  one  con-.blnatior.  of  two  joined  sheets,  and 
that  the  inputs  and  the  outputs  for  these  100  coniponents  will  oe 
arranged  along  tho  edges  of  the  joined  sheets. 

3.  It  Is  assumed  that  the  aiaterlai  used  for  the  fabrication  is  suitable 
for  the  environment  in  which  the  material  will  be  used.  (For  exavl-, 
high  temperature  environments  will  rsoijire  metal  or  ceramic  reaterlals* 
high  radiation  environments  will  rec|ulre  materials  immune  to  damage  by 
radiation,  and  high  vibration  envirenments  will  require  materials 
that  are  resistant  to  vibration  induced  failures.) 


4.  Tt  is  assumed  that  design  techniques  for  packaging  will  be  suitable 
for  the  environment  in  wbiich  the  package  is  used.  Only  today's  state 
0^^  me  art  ceslgn  techniques  are  to  be  utilized. 


5.  It  is  assumed  that  a  prototype  unit  can  be  built  and  tested  and  minor 
redesign  changes  made  as  determined  by  tests.  This  is  to  say  that  an 
ordinary  R  &  D  program  will  he  allowed  for  the  development  of  any  par- 
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6.  It  is  assumed  that  assembly  of  the  pure  fluid  system  is  accomplished 
in  a  "clean  room”. 


7.  It  is  assumed  that  appropriate  inspection  and  assembly  techniques 
will  be  •jtili”*''  to  ioture  that  nn  inrlplent  failures  are  present  in 
the  inaLeriat  or  in  the  machining  or  forming  of  that  material. 

8.  Tt  is  assumed  that  each  assembly  of  ICO  components  will  be  appropri¬ 
ately  tested  to  insure  that  the  assembly  functions  in  the  manner 
specified  by  the  designer.  This  assumption  also  implies  test  modes 
to  insure  that  the  assembly  operates  properly  within  tho  range  of 
fluid  power,  fluid  signal  pressures,  and  fluid  flows  which  are  part 
of  the  system  specifications. 

9.  It  Is  assumed  that  all  fluid  used  for  test  or  operation  cf  the  pure 
fluid  system  at  all  stages  of  assembly  and  test  Is  free  from  any 
particles  which  are  larger  then  one  hundredth  the  size  of  the  small¬ 
est  duct,  orifice,  or  connector  dimension. 


In  the  above  assumptions,  it  will  be  recognized  that  items  1  through  6 
have  no  statistical  nature.  It  is  agreed  that  these  things  elthvi  can  or 
cenrot  b:  accomplished.  Therefore,  the  problems  have  not  been  resolved  by 
the  assumptions  made.  Items  7,  6  and  9,  however,  present  a  different  prob¬ 
lem,  It  Is  easy  to  ^ay  that  rw  Incioien*  exist.  To  make  this  stats- 

ment  indicates  pexiecllun  In  inspection  techniques.  By  the  same  Method  of 
making  assumptions,  any  degree  of  reliability  can  be  assumed  into  any  product 
which  is  to  be  manufactured. 


The  last  three  "assumptions”  therefore,  must  l-e  given  some  statistical 
evaluation.  It  is  necessary  to  exprsss  in  some  statistical  fashion  our  con¬ 
fidence  that  these  things  can  be  accomplished  within  certain  confidence  levels. 

How  are  theav  confidence  levels  for  fabrication,  assembly  and  test  pro¬ 
cedure  established?  To  explore  this  query,  consider  how  this  problem  is  taken 
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care  of  in  the  electronic  coar  with  which  wo  ajo  famillait  Assume  tliat  in  the 
electronic  production  '  ine  printed  circuit  boards  are  fabricated  and  later  used 
in  a  system.  If  there  exists  an  incipient  failure  in  a  fC  board,  it  may  easily 
lievelop  into  a  tracturPj  and  if  this  fracture  occurs  in  the  vicinity  of  a 
printed  conductor,  a  failure  can  be  expected  to  occur  scon“r  or  later  in  the 
system,  inspection  and  test  techniques  are  therefore  geared  to  this  type  of 
problem.  The  best  techniques  are  used  to  locate  any  defects  before  they  be¬ 
come  a  part  of  the  systp-;. 

How  do  we  assess  our  ability  to  locate  these  defects?  The  answer  - 
by  the  reliability  of  the  system  which  is  produced!  It  is  true  that  from 
many  system  failures  some  failures  which  are  pinpointed  to  such  items  as  PC 
board  fractures  can  be  Isolated.  Howaver,  it  is  a  difficult  and  sophisticated 
reliability  problem  to  determine  accurately  that  a  particular  r.enuence  of  test 
events  will  insure  a  given  degree  of  lellaLiiity  fox  printed  circuit  boards. 
Rather,  the  reliability  evpert  Is  reasonably  content  if  the  "model"  he  is  using 
to  determine  a  system  mean  time  between  failure  is  in  close  agreement  with  the 
reported  data  he  rece'vc-a  from  systems  in  use. 

The  question  still  remains*  Can  experience  in  making  today's  systems  be 
used  to  predict  our  ability  to  make  reliable  pure  fluid  systems?  The  conten¬ 
tion  of  this  paper  is  that  the  answer  is  YES. 

Before  continuing  with  the  assessment  of  our  ability  to  turn  out  reliable 
cure  fluid  systems,  the  morie-.  ox  iallur*  which  might  be  expected  must  be  des¬ 
cribed. 

c.  Modes  of  Failure 

There  ere  three  modes  oT  failuxe  which  a.e  Immediately  apparent* 

1.  The  failure  of  connectors  between  sheets  of  components.  However, 
failure  rate  date  is  available  for  such  connectors,  so  predicted 
failure  rates  for  connectors  need  rot  be  made. 

2.  If  the  fluid  contains  particles  which  are  large  enough  to  obstruct 
a  duct,  orifice,  or  component  failure  »II'.  piohauly  occur. 

3.  If  the  material  In  which  the  components  are  formed  separates,  cracks, 
ruptures,  peels,  fragments,  creeps,  flews,  disintegrates,  warps,  or 
twists  beyond  certain  limits,  then  failure  will  occur* 


No  other  failure  modes  are  evident.  If  the  pure  fluid  components  are  not 
clogged  from  particle  build-up  nr  improperly  vented  by  fracture  of  the  material, 
of  failure  of  connectors,  then  thwy  will  work  as  designed. 

The  reader  will  note  that  the  problem  of  power  supply  design  for  maintain¬ 
ing  fluid  flow  has  not  been  examined*  Similarly,  power  supply  pxuolems  in  the 
•lectronlc  circuitry  have  been  Ignored*  This  approach  can  be  justified  by 
ramembering  that  the  logical  components  will  he  used  in  far  greater  number  than 
will  power  supplies.  Therefore,  the  greater  reliability  problem  is  associated 
with  the  logical  components* 


-162 


d.  Predicted  Fdilure  Rates 


It  is  contended  that,  experience  in  fabricating  other  devices  can  be  used  to 
predict  our  ability  to  fabricate  pure  fluid  devices.  Hxamine  first  the  problem 
involved  in  the  mode  of  failure  which  »*ill  allow  the  escape  of  fluid  from  or  into 
a  duct  or  component.  The  Reliability  department  engineers  suggest  that  the  most 
likely  failure  mode  will  be  the  separation  problem  involved  In  sealing  two  plate;; 
together.  Therefore,  the  following  data  on  somewhat  similar  problems  is  sub¬ 
mitted: 


Failure  Hates 

of  Similar  Devices 

Item 

Failure  Rat 

es  Per 

10°  Hours 

Icwer  limit 

mean 

Upper  ! 

Phenolic  Gasket 

0.01 

0.05 

0.07 

Sliding  Seal 

0.11 

0.3 

0.92 

Tanks,  HI  Pressure,  Small 

0.044 

o.oe 

1.44 

Valves,  Air 

0.112 

0.212 

2.29 

Tiie  redder  will  agiee  Uial  Lc-day's  stale  or  liie  ax'L  permits  the  sealing  of 
two  flat  plates  together  with  at  least  the  rellebility  of  an  air  valve.  Simi¬ 
larly,  it  would  not  be  expected  that  the  failure  rates  of  a  phenolic  gasket 
could  be  reduced  (at  laast  not  immediately}.  Therefore,  a  failure  rate  one 
megnittide  w>)rr>«  than  a  phenolic  gasket  will  be  predicted.  Inasmuch  as  the  elec¬ 
tronic  failure  rates  were  selected  from  the  lower  limit,  the  figure  of  0.01  x  10 
or  0.1  will  ba  used  for  uke  predicted  failure  rate  for  the  pure  fluid  sealing 
problem. 

Inasmuch  as  the  reliability  experience  indicates  that  the  problems  of 
sealing  will  be  worse  than  the  probleme  of  fracturing  or  ciscking,  the  figure 
of  0.01  will  be  used  as  the  failure  rate  for  fract'jrlng  or  cracking.  The 
total  failure  rate  as  predicted  for  the  failure  mode  of  "Improperly  ducting* 
the  fluid  is  0.11  failures  per  10°  hours. 

Next,  examine  the  failure  mode  related  tn  contamination  of  the  fluid.  The 
internal  combustion  engine  industry  has  developed  some  remarkable  filters  to 
filter  contaminants  out  of  the  fuel  prior  to  the  time  thkt  the  fuel  flows 
through  the  small  orifices  invoi red  in  carbureters  or  fuel  injectore.  Simi¬ 
larly,  other  types  of  filters  have  been  developed  for  removing  contaminants 
frum  gases  (even  to  the  extent  of  the  CBR  filters).  The  fluid  circulation  eye- 
tern  can  be  designed  so  that  the  filtered  fluid  is  returned  to  the  pump  intake 
after  use  in  the  pure  fluid  system.  By  this  means,  the  amount  of  particle 
buildup  that  may  occur  in  the  filtering  system  will  be  definitely  lessened. 

This  area  of  predicting  th;  fsilure  rate  cf  fluid  systems  due  to  particle 
contamlnatir.o,  results  ms^e  in  placing  design  restrictions  on  the  power  supply 
than  in  anticipating  failure  rates.  However,  with  the  state  of  the  art  as  it 
exists,  it  Is  submitted  that  the  fluid  can  be  filtered  sufficiently  well  so 
that  the  failure  rate  due  to  contamination  is  no  grtater  than  l.O  failures  per 
component  board  per  10°  hours.  Our  sngineering  staff  is  confident  that  this 
is^a  reasonable  end  achievable  requirement.  A  failure  rate  of  1.0  failurea  per 
1C°  houra  is  in  effect  stating  that  the  problem  of  fluid  contamination  is  an 
ordtr  of  magnituda  worst  than  the  problem  of  fluid  escape. 

The  other  mode  of  failure  for  which,  fortunately,  there  exiatt  data,  it 
tha  failura  of  pneumatic  Joints.  For  this  failurt  modt  tha  flgura  of  0.02 
failures  per  Vfi  hours  per  Joint  is  used  (from  barles  &  Eddins). 
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e.  Predictsd  Failure  Rat*  Per  Fluid  Component 

To  predict  failure  rates  per  fluid  component,  it  is  nectisaiy  to  determine 
the  mvnber  of  fluid  joints  which  will  be  used  (on  the  average)  per  component 
pldte.  Tbe  nuraoer  of  inputs  and  outputs  will,  of  course,  vary  with  the  logic 
fabricated  into  a  comoonent  plate.  It  would  be  a  nominal  estimate  to  assume  • 
that  ten  Inputs  and  ten  outputs  could  be  usecL  ffe  shall  be  conservative  end 
suggest  that  *0  inputs  and  DO  outputs  ere  useo.  This  is  an  average  of  one 
input  or  output  per  component.  This  figure  is  conservative  and  errs  on  the 
side  of  larger  failure  rates  per  component  than  would  be  expected. 

The  sunnary  of  fluid  failure  rates  may  now  be  madei 
Fluid  Device  Reliabilitv 


Item 


Fluid  Connectors  (100)  2.00 
Contamination  of  a  Board  1.00 
Fracture  or  Separation  of  Board  0.11 
Total  for  One  Board  of  100  Components  3.11 

Average  Predicted  Failure  ilsts  Per  Coisponent  .0311 


Table  II  compares  tha  rellaMUty  of  two  simple  electronic  circuits  with 
the  cfquivalent  pure  fluid  devices. 


TABLE  II. 

FAILURE  RATE  COMPARISON 


Item 

Electronic  Calculated 

Fluid  Fredicted 

Flip-Flop 

U.U62 

0.C311 

4 -Input  NOR  Gate 

0.0414 

0.C416 

f.  Application  Factors  for  Fluid  Devices  Under  Extreie*  EnvironMnts 

A  factor  to  consider  ie  the  change  in  the  failure  rates  when  tha  fluid 
devices  are  subjected  to  environmental  extremes.  In  the  case  of  elestronic 
•'yilpment,  the  change  in  characteristics  at  a  function  of  temperaturi  It  well 
documented.  In  the  case  of  pure  fluid  devices,  the  problem  becomes  one  of 
assessing  the  effect  of  different  temperature  regimes  on  the  problems  of  compo> 
nent  board  fracture  or  separation  and  fluid  contamination.  While  It  is  readily 
apparent  xo  the  reader  that  xnert  is  some  aitticuity  in  predicting  an  exact 
factor  to  repraaent  the  increast  in  failure  rates,  it  Is  also  sppsrent  that  a 
much  simpler  type  of  phenomena  is  being  considered  in  the  case  of  the  pure 
fluid  components  than  in  the  case  of  the  intricately  made  and  assembled  elec¬ 
tronic  components. 
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It  Is  the  opinion  of  several  of  my  colleagues  that  an  increase  of  100®C 
in  the  temperature  should  no  more  than  double  the  fluid  device  failure  rate. 
This  predicted  faetdr  is  presented  as  being  conservative  for  at  least  the  first 
lOOC*'.  Operating  environments  higher  than  lOCO®  C  are  a  bit  outside  of  our 
realm  of  experience  and  is  left  for  further  evaluation# 


A  similar  estimate  of  the  inc-::easa  of  failure  rates  for  low  ten$>erature 
is  that  the  failure  riitss  double  for  each  reduction  of  100°  C.  This  is  pre¬ 
sented  as  a  reasonably  conservative  figure  down  to  -200°  C*  Below  this  fig¬ 
ure#  the  author  would  have  consult  the  cryogenics  specialists* 


A  look  at  the  radiation  environments  leads  to  the  conclusion  that  appropri¬ 
ate  msteriais  car.  he  selected  such  that  the  radiation  effects  are  negligible* 

Hut  to  be  ronc:rvati*'e,  s  factor  of  10,  by  which  to  multiply  failure  rates,  is 
selected  when  fluid  systems  are  used  jr.  the  vicinity  of  a  nuclear  reactor* 


For  the  environments  of  vibratlun,  Ihe  argument  is  that  it  is  much  easier 
to  protect  packeged  fluid  elements  than  it  is  to  protect  the  more  delicate  elec* 
tro.'lc  co.T.pcr.4rt:-..  *.  ccr.c2r/2tive  factor  fer  iricreasing  th-  failure  rates  Is 

ten* 


Table  III  sunmarize.*  the  usage  application  factors*  To  obtain  system  fail¬ 
ure  rates  tor  systems  used  in  various  environments^  multiply  the  component  or 
system  failure  rates  by  the  appropriate  application  factor* 


V.  SYSTEM  APPLICATION  OF  FAILURE  RATES 


While  the  previous  section  indicates  the  predicted  failure  rates  for 
fltiid  components  and  application  factors  for  determining  failure  rates  for  var- 
irtic  enviroikaantSf  it  dees  not  indicate  the  results  of  system  application  of 
the  data*  To  adequately  carry  out  the  comparison  of  alactronie  versus  pure 
fluid  reliability,  it  is  necessary  to  go  one  step  farther* 

In  the  application  of  fluid  devices  in  a  control  cr  computer  system,  it 
is  necessary  to  know  tha  task  for  which  the  system  Is  designed*  In  many  cases* 
a  fluid  system  will  require  a  much  lerger  mmiber  of  components  than  will  the 
electronic*  system  due  to  the  higher  speed  of  the  electronic  elements*  There¬ 
fore,  to  properly  compare  the  two  systems,  it  is  necessary  to  take  into 
account  th«  logical  design  of  the  control  or  computer  lyctem* 


A  good  example  is  the  case  of  an  electronic  fire  control  computer  which 
has  the  task  of  providing  the  firing  program  neceeeery  to  prepare  end  launch  a 
missile.  electronic  s/stes  te  do  this  tssk  esn  be  made  with  fer  fewer  flip- 
flops  and  NCR  gates  than  if  the  ICO  times  slower  fluid  flip-flops  s>id  NOP  gates 
die  used.  An  analysis  cf  the  two  computers  provides  the  basic  date  found  in 
Table  IV.  By  comparison  of  the  two  systems  designed  to  accomplish  the  same 
function  (in  this  csss  a  fire  control  function),  the  electronic  system  is  16 
times  as  good  ss  ths  fluid  systsm* 


However,  the  case  for  fluid  systems  vereus  electronic  systems  is  not  as 
bad  as  it  first  appears  when  we  consider  also  tha  effset  of  usage  fectore. 
Table  IV  presents  the  case  for  the  two  systems  used  in  the  envirofSMnt  of  a 
laboratory  type  computer*  Table  V  suamarizee  the  failure  rates  which  siould  be 
expected  if  we  used  these  same  two  systems  in  various  tnvironmtnts* 


TABLE  III 


USAGi:  APPLICATIOri  rnCrORS 


Appl ication 

Electronics 

Pure  Fluid  Device* 

Application  Factors 

Application  Factors 

Laboratory  Computer 

1 

1 

Ambient  Tejriperature 


+  IbO  C 

0 

-  50  C 

+  250‘'  C 

-  150°  C 

1C 

5 

Transistors  fa’I  to 
function 

m  m 

2 

2 

3 

4 

Rsdiation 

Cislunar  Space 

2 

1 

Solar  Flare 

10 

2 

Nuclear  Blast 

100 

5 

Ni'clear  Reactor  Vicinity  1000 

10 

Missile 

900 

10 

(Vibration  Environment) 

466 


TABLE  IV 


SYSTEM  COMFAR ISON 


Specifications:  NCh  Logic 

14-Blt  Word  Length 

Perform  fire  control  compjtitlon  functions 
in  sixty  sficondst 

* 

r  '  .  — - - 


Electronic 


Fluid 


£asic  coisponents  are  ICO  Limes 
as  fast  as  fluid  components* 

Use  serial  operation 

Use  sequential  control  of 
arithmetic  unit. 


Slower  cosponents 

Us#  parallel  operation 

Use  polViBorphic  operation 
for  computation* 


Failure  Rates 


2.6 


failures  per  10 


6 


nours 


41.4 


failures  per  13  hours 


Note:  The  reader  will  recognize  that  the  electronic  system  has  an  exceptionally 
low  failure  rate,  and  that  the  predicted  failure  rate  for  the  fluid  tr's- 
tem  is  extremely  good. 


As  is  shown  in  Table  V  the  fluid  system  with  our  conseivetively  predicted 
failure  rates  is  superior  to  the  optimistic  electronic  system  in  the  areas  of 
extremes  of  temperature*  high  radiation  and  high  vibration  environments.  It 
should  also  be  pointed  out  that  the  demend  on  the  system  ms  e  fairly  ssvere 
cr.e  and  fui  systems  in  which  the  demands  are  relsxtd  (tiamwlse)*  the  fluid  sys¬ 
tems  could  be  designed  with  fewer  coag>onents  and  tharefore  axptrienca  loiwr 
failure  rates. 

In  aummary*  it  is  predicted  that  pure  fluid  devicea  are  here  to  stay  and 
this  new  engineering  area  deserves  your  further  research  end  development 
•tiorte. 
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TABLE  V 


SYSTEM  COMPARISON  SUHWARY 


Usage 

Electronic 

Failure  Rates 

Fluid 

Ratio 

(Elec/Fluld) 

Laboratory 

2.6 

41.4 

lil6 

Temperature 

+  ISO®  C 

26 

83 

li3 

0 

-  50  C 

13 

B3 

li6 

+  250°  C 

lAin* 

174 

5»1 

0 

-  ISO  c 

large 

165 

5»1 

Radiation 

Cialunar  Space 

S.2 

41.4 

ItS 

Solar  Flare 

26 

83 

1(3 

r^clear  Blast 

260 

207 

1,2(1 

Nuclear  Reactor 

2600 

414 

Jjl _ 

Vibration 

Missile  Guidance 

2340 

414 

6(1 

Notti  Nh«r*  tht  ratios  art  undtrline  th«  fluid  ayatm  ia  suptriori 
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